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ABSTRACT 
This research had three main objectives – to investigate the typical occurrence concentrations 
of nitrogenous disinfection by-products (N-DBPs) in drinking water in England, understand 
the organic precursors and water treatment conditions that are responsible for N-DBP 
formation, and investigate the factors which influence the stability of one class of N-DBPs, 
the halonitromethanes, in drinking water.  
For the England occurrence survey, 21 N-DBP compounds from four groups, haloacetamides 
(HAcAms), haloacetonitriles (HANs), halonitromethanes (HNMs) and cyanogen chloride, 
were included. Sampling was conducted quarterly in 20 water supply systems over a one-year 
period to investigate potential relationships between N-DBP concentrations and water quality 
parameter. The survey was the first of its kind to gather N-DBP concentration data in the 
England. The occurrence of N-DBP compounds was broadly similar to those reported in the 
US and occurred well below existing World Health Organisation guidelines for two of the 
HANs. The survey allowed new correlations to be observed between some N-DBP groups, 
but there were poor links with other individual water quality parameters or operational 
parameters (e.g. water age). Bromine substitution factors (BSFs) were also calculated for 
HANs and HAcAms, the first such report of BSFs for HAcAms; BSFs were similar for the 
two groups.  
In the laboratory, seven model amine precursor compounds were tested at three pH levels to 
investigate the effects of chlorine and chloramines on the formation of HANs and other 
DBPs. The formation of chloroform and HANs was reduced significantly by applying pre-
formed chloramines compared to free chlorine, however the opposite was true for HNMs. 
The formation of DBPs from L-aspartic acid was particularly interesting, since chlorination 
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and chloramination promoted DCAN or chloroform formation, respectively, suggesting 
different reaction pathways being favoured by the two disinfectants. 
The decay of two HNM compounds was also examined in ultrapure water, under three pH 
conditions, and with/without chlorine or chloramine residuals. Although stable in ultrapure 
water, the studied HNMs were shown to decay rapidly in the presence of disinfectant 
residuals, which may explain the low occurrence concentrations of HNMs that was observed 
in the occurrence survey. Mechanisms for the decay of HNMs in drinking water are 
proposed.   
An important practical finding of this research is that switching from chlorination to 
chloramination, a strategy that is widely proposed for the reduction of regulated DBPs such 
as THMs, might not be effective in controlling N-DBPs, and may perhaps even increase the 
formation of certain N-DBPs in some water types. While N-DBPs occur at much lower 
concentrations than THMs, previous research suggests that they are of higher geno- and 
cytotoxicity, therefore strategies to minimise currently regulated DBPs (e.g. trihalomethanes) 
should take into account the impacts of these strategies on N-DBP formation as well. 
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CHAPTER 1 
INTRODUCTION 
1.1 N-DBP occurrence and toxicity 
Since the discovery of haloforms, such as chloroform, in chlorinated drinking waters in the 
1970s (Rook, 1974), extensive investigation has been carried out into the formation of 
disinfection by-products (DBPs) in drinking waters around the world.  To-date more than 600 
DBPs have been identified in drinking water treated with disinfectants such as chlorine, 
chloramine, ozone and UV, however only a small portion of these DBPs are currently 
regulated in the water industry (Krasner et al., 2006).  
One of the most comprehensive DBP data sets collected was reported in the Information 
Collection Rule (ICR) (McGuire at al., 2002) and later followed by work by Krasner et al. 
(2006) in the US. The latter study is of particular relevance to the research described in this 
thesis, since it was survey of 12 US full-scale water treatment plants, carried out in 2000-
2002 to investigate the occurrence of a range of regulated but also unregulated DBPs. The 
treatment plants surveyed used a variety of disinfectants, including chlorine, ozone, chlorine 
dioxide, chloramines and combinations of these disinfectants. Of the hundreds of DBPs that 
have been reported, approximately 70 ‘priority’ DBPs have been identified as the highest 
ranking for potential toxicity based on structure-activity relationship (SAR) analysis (Woo et 
al., 2002).  
Many of the recently reported and as yet unregulated DBPs which contain nitrogen, termed 
nitrogenous disinfection by-products (N-DBPs), including halonitromethanes (HNMs) and 
haloacetonitriles (HANs), are reported to be significantly more toxic than currently regulated 
DBPs, such as trihalomethanes (THMs). Prior to the US study (Krasner et al., 2006), Giller et 
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al. (1995) carried out assays for genotoxicity on chloral hydrate and chloropicrin (CP), which 
are chlorination by-products, on Salmonella typhimurium strains TA100 in three short-term 
tests. They concluded that the HNM compound chloropicrin (trichloronitromethane) was 
100-fold more potent than chloral hydrate in inducing mutations in strain TAI00. Later, the 
cytotoxicity and genotoxicity of HNMs were tested on mammalian cells. Plewa et al. (2004) 
carried out assays on Chinese hamster ovary (CHO) cells and ranked the 9 HNM species in 
terms of their genotoxicity and cytotoxicity. They also emphasised that the brominated 
nitromethanes were more cytotoxic and genotoxic than their chlorinated analogues and 
concluded that HNMs are potent mammalian cell cytotoxins and genotoxins that may pose a 
hazard to public health if found to be widespread in drinking water. 
Another class of emerging DBPs of public concern is the haloacetamides (HAcAms) which 
was also recently identified in tap waters in the US survey (Krasner et al., 2006). Plewa et al. 
(2008) carried out analyses of 13 HAcAms species of their genotoxicity and cytotoxicity 
analogous to their previous study on the genotoxicity and cytotoxicity of HNMs (Plewa et al., 
2004). When comparing the level of HAcAms observed from their study, HAcAms were 99× 
more cytotoxic than 13 haloacetic acids (Plewa & Wagner, 2011), 142×more cytotoxic than 
the five regulated haloacetic acids (Plewa et al, 2002), 2× more cytotoxic than the HANs 
(Muellner et al., 2007), and 1.4× more cytotoxic than the HNMs (Plewa et al., 2008). Again, 
brominated HAcAms were found to be more toxic than their chlorinated analogues (Plewa et 
al., 2008). 
At the time of this PhD research, there was a need to further understand the typical 
occurrence in drinking water and fate (i.e. formation and stability) of many of these 
unregulated N-DBPs, since the toxicity research to-date has suggested that even low 
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concentrations of N-DBPs in our drinking water may be more harmful to human health when 
compared to the already regulated DBPs, the THM and HAAs (WHO, 2008). 
1.2 Research aim and objectives 
The overall aim of this research was to improve the understanding of the occurrence, 
formation and stability of N-DBPs in drinking water. The specific objectives of this research 
were: 
a) To determine the occurrence of N-DBPs in drinking water in England through a 
comprehensive sampling campaign and identify potential correlations with other 
water quality parameters and with other DBPs. Also, through this occurrence study, to 
highlight treatment practices associated with elevated N-DBP concentrations and to 
quantify the degree of bromine incorporation into N-DBPs relative to other DBPs. 
b) To identify important organic precursor compounds of N-DBPs, specifically by 
examining the DBPs formed by chlor(am)ination of model amine compounds, and 
propose formation reaction pathways to explain the findings. 
c) To quantify the stability and kinetics of decay (half-life) of selected HNMs, under 
representative drinking water treatment and distribution conditions and to propose 
decay mechanisms for these compounds. 
1.3 Thesis structure 
Chapter 1- Introduction 
This chapter explains the motivation for improving the understanding of N-DBP occurrence, 
formation and stability. It also sets out the aims of the research. 
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Chapter 2 – Literature review 
The literature review summarises the existing literature into N-DBP occurrence, formation 
and precursors to-date, with specific emphasis on the literature of relevance to the objectives 
of this research. The impacts of water treatment processes, disinfectant type and source water 
quality parameters on N-DBP formation are emphasised. Gaps in knowledge are highlighted 
to emphasise the contributions of this research. 
Chapter 3 - Methodology 
This chapter provides the details of the experimental methods that were conducted to 
generate the results that are discussed in all the subsequent chapters. The methods, chemicals, 
sample preparation and quality assurance/control testing are described.  
Chapter 4 - N-DBPs occurrence in drinking waters in England 
This chapter summarises the findings of a sampling campaign of 20 water supplies in 
England conducted for the Drinking Water Inspectorate for England and Wales (DWI) to 
determine the occurrence of four N-DBP groups: HANs, HNMs, HAcAms and cyanogen 
chloride (CNCl). Correlations of N-DBP concentrations with several water quality factors 
(e.g. temperature, pH, bromide and nitrate concentration, disinfectant type, and source water 
type) are presented. This was the first time that concentrations of these N-DBPs were 
reported in drinking waters in England, and it represents arguably the most comprehensive N-
DBP sampling survey that has been conducted globally to-date, i.e. the next largest published 
survey considered only 12 water supply systems in the US (Krasner et al., 2006) and it did 
not include distribution system sampling nor include as many N-DBP compounds as were 
included in the occurrence study presented here.  
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Chapter 5 - Model compounds as N-DBP precursors  
This chapter investigates the importance of model amine compounds, including four amino 
acids (β – alanine, L – aspartic acid, L – methionine, and L-cysteine), one polypeptide (Ala-
ala) and two aminophenols (2- and 3- aminophenol) as precursors for the formation of N-
DBPs in chlorinated/chloraminated water. An improved understanding of the most relevant 
precursors of N-DBPs can allow water treatment managers to better target their removal prior 
to disinfection. A peer-reviewed research paper has been published on this chapter, Bond, T., 
Kamal, N. H. M., Bonnisseau, T., & Templeton, M. R. (2014). Disinfection By-Product 
Formation from the Chlorination and Chloramination of Amines. Journal of Hazardous 
Materials 278: 288-296. 
Chapter 6 - HNM decay and stability in drinking water  
In this chapter, the stability and kinetics of decay of two trihalogenated HNM compounds, 
chloropicrin and DBCNM, are discussed. The type of oxidant (chlorine and 
monochloramine), contact times (0 – 24 h), and pH (6, 7, 8) were varied to investigate the 
impact of these parameters on HNM stability. The half-lives (rate of decay) for each 
compound under typical water distribution conditions are presented and discussed in the 
context of whether these N-DBPs would be expected to persist in water supply systems from 
the treatment works to the consumer tap.  
Chapter 7- Discussion and summary 
This chapter draws together the findings of the previous chapters and discusses their overall 
significance, in terms of filling the identified gaps in knowledge regarding N-DBPs and the 
importance of the research to the treatment and distribution practices of the water industry. 
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Chapter 8 – Conclusions and recommendations for further research 
This final chapter summarises the main conclusions and contributions to knowledge of the 
research and discusses possible avenues for further research on this topic. 
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CHAPTER 2 
LITERATURE REVIEW 
DBP research had been on-going intensively for almost 40 years at the time of this research, 
and therefore the body of literature on this topic is immense and encompasses a number of 
fields, including environmental engineering, epidemiology, toxicity, environmental 
law/regulation and public health.  As such, the literature review presented in this thesis 
specifically focuses on the DBP literature that is of direct relevance to the experimental work 
described in the subsequent chapters, to provide the reader with a suitable level of 
background knowledge to understand the information presented there. For broader DBP 
information and literature reviews, the reader may wish to consult the following excellent 
book that was recently produced by the International Water Association, which provides a 
comprehensive and up-to-date summary of the DBP literature, or the two N-DBP literature 
reviews that were published the supervisor of this PhD research (Dr M. Templeton) and his 
colleagues just before the start of this PhD research.   
 Hrudey, S. E. & Charrois, J. W .A. (eds), (2012), Disinfection By-Products and 
Human Health, IWA Publishing, London.  
 Bond, T., Huang, J., Templeton, M. R., & Graham, N., (2011). Occurrence and 
control of nitrogenous disinfection by-products in drinking water-A review. Water 
Research, 45(15), 4341–54. doi:10.1016/j.watres.2011.05.034 
 Bond T., Templeton M. R., & Graham N., (2012), Precursors of nitrogenous 
disinfection by-products in drinking water-A critical review and analysis, Journal of 
Hazardous Materials, 235, 1-16. 
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2.1 Potential human health effects of DBPs 
In a conventional drinking water treatment plant (Figure 2.1), DBP formation mainly occurs 
immediately after the addition of disinfectant, which is the last treatment process before the 
water is being distributed to consumers, and DBP formation can also continue in the 
distribution system. . DBP occurrence in disinfected drinking water became an  important 
topic after chloroform was reported in chlorinated drinking water (Bellar et al., 1974; Rook, 
1974). Chloroform was later found to cause liver tumours in rodents in assays conducted by 
the National Cancer Institute (1976). Following this report, further research were carried out 
to investigate DBP effects on human health.  Epidemiological studies have shown the 
relationship between the consumption of chlorinated drinking water, or exposure to it, with 
bladder, colon, rectal, esophageal, and brain cancers in animals (Cantor et al., 1999; 
Koivusalo et al., 1994; Morris et al., 1992; Tao et al., 1999; Zierler S., 1988). 
With the increasing concern on human health effects from chlorinated DBPs (C-DBPs), 
measures were taken to reduce the C-DBP formation, e.g. by using alternative disinfectants to 
free chlorine, such as chloramination. The aim to reduce C-DBPs was achieved, however this 
step produced new groups of DBPs; one of the groups was DBPs with nitrogen containing 
functional groups, N-DBPs. In an assay on Chinese hamster ovary cell carried out by Plewa 
and Wagner  (2011), the possible health effects from N-DBPs were identified as a concern 
because as a group, the N-DBPs are  approximately 80 times more cytotoxic and over 40 
times more genotoxic than C-DBPs (Plewa & Wagner, 2011). This requires attention because 
it means that even  concentrations orders of magnitude lower compared to the C-DBPs, the 
N-DBPs might still be as important to public health.   
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 Figure 2.1: A diagrammatic sketch of a typical conventional plant. Adapted from (Sarai, 
2006) 
 10 
 
2.2 Previous N-DBP occurrence studies 
In the mid-1970s it was discovered that reactions between natural organic matter (NOM) and 
chlorine resulted in the formation of potentially hazardous disinfection by-products (DBPs) 
(Rook, 1974). Later that decade the US environmental protection agency (USEPA) regulated 
the concentrations of four trihalomethane (THM) species in drinking water. By 2006 there 
were over 600 identified DBP compounds, generated not only from chlorine, but also other 
disinfectants such as chloramines, chlorine dioxide and ozone (Krasner et al., 2006). 
Nonetheless, only a tiny proportion of identified DBPs are regulated in drinking water 
globally. The USEPA currently sets limits for total THMs at 80 µg/L and for five haloacetic 
acids (HAAs) at 60 µg/L (USEPA, 1998), while in the EU a 100 µg/L limit applies to total 
THMs (NIEA, 2014). Other currently regulated DBPs in some countries include bromate 
(produced by ozone), chlorite (produced by chlorine dioxide), and N-nitrosodimethylamine 
(NDMA, associated mainly with chloramination). In England, Regulation 27 of the Water 
Supply Regulations 2010 (Welsh Statutory Instrument, 2010) place the onus on water 
companies to take actions to ‘minimise disinfection by-products’ (without compromising 
disinfection, of course), therefore there is interest among water companies to understand not 
only the occurrence of the specifically regulated DBPs  but also other non-regulated DBPs 
that may be present. In 1997-98, an extensive DBP survey from a total of 500 water treatment 
plants from 296 US water utilities was conducted as part of the regulatory Information 
Collection Rule (ICR) process (McGuire et al., 2002). This survey measured the four 
regulated THMs, nine HAAs, four haloacetonitriles, two haloketones, chloropicrin, 
trichloroacetaldehyde (chloral hydrate), cyanogen chloride, chlorite, chlorate, bromate, 
glyoxal, methyl glyoxal, and 11 other aldehydes. Since the ICR provided the most extensive 
dataset on DBP occurrence up to that point, most surveys carried out since have been using 
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ICR as a guide, in terms of the sampling and analysis approaches and the selection of DBP 
compounds to include.  
In 2000-2002, Krasner et al. (2006) conducted a survey of 12 full scale water treatment plants 
and measured 12 halomethanes (including six iodo-trihalomethanes), haloacids, five 
haloacetonitriles (HANs), haloacetates, ten haloketones, four haloaldehydes, eight 
halonitromethanes (HNMs), five haloamides (HAcAms), and 12 halogenated furanones. 
THMs and haloacetic acids (HAAs) represented the two major classes of halogenated DBPs, 
followed by haloacetaldehydes, on a mass basis. 
There have also been several DBP occurrence studies conducted outside of the US. Williams 
et al. (1997) conducted a sampling survey of 53 water treatment plants during late winter and 
late summer across Canada. The treatment plants were selected from a variety of raw water 
sources including lakes, wells and rivers and from three different treatment schemes - 
chlorine-chlorine, chlorine- chloramine and ozone-chlorine/chloramine. From this survey, a 
total of 17 DBPs were determined which included four THMs, five HAAs, dihaloacetonitriles 
(DHANs), trichloroacetonitrile (TCAN), and chloropicrin (CP). Selected water quality 
parameters were also measured – bromide, total organic carbon (TOC) and total organic 
halides (TOX). The concentrations of the five N-DBPs sought in this survey were relatively 
low compared to THM and HAA levels, though some of the N-DBPs were found frequently 
in all the sampled waters: DCAN (in 97% of samples), BCAN (92%), TCNM (73%), DBAN 
(57%) and TCAN (9%). There was no consistent spatial trend that could be concluded but 
higher DCAN formation was observed in distribution systems compared with the finished 
water leaving the treatment plant, for plants using chlorine-chlorine disinfection. 
In an Australian survey carried out by Simpson & Hayes (1998), 16 drinking water treatment 
plants from seven water authorities around Australia were included, where 11 plants applied 
 12 
 
chlorine and five applied chloramines. HANs, CP and cyanogen chloride (CNCl) were 
included. They found out that the overall DBP concentrations in chloraminated water were 
much lower than in chlorinated with the exception of CNCl, which was higher when 
chloramines were applied. Also, HANs comprised only 5% of the total halogenated DBPs in 
chlorination, though that proportion doubled (11%) in chloramination.  
In a more recent survey carried out in Scotland (Goslan et al., 2009), seven water treatment 
plants from different water sources (upland reservoir, reservoir, and river), with three applied 
chlorine and the other four applied chloramines, were analysed for four HANs (DCAN, 
BCAN, DBAN, and TCAN) and CP. Sampling was conducted in January, May and August 
of 2008 in order to study seasonal variations in the DBP concentrations. There was not a 
significant effect of using chloramines instead of chlorine, in terms of the HAN 
concentrations found. The median concentration of the four HANs decreased slightly from 
1.7 µg/L in chlorinated waters to 1.3 µg/L in chloraminated waters, but there were no 
changes in the median values for CP of 0.1 µg/L. CP occurred at concentrations that were 
only just at the limit of detection.  
2.3 N-DBP groups 
N-DBPs include a range of compounds, including haloacetonitriles (HANs), 
halonitromethanes (HNMs), haloacetamides (HAcAms), nitrosamines, cyanogen halides, and 
others. The focus of the research in this PhD was the HANs, HNMs, and HAcAms, with 
other N-DBPs excluded. The reason was the occurrence study (to be described in Chapter 4) 
was limited by the study funder to these groups, since nitrosamines had been considered in an 
earlier survey already. Also, HANs and HAcAms are the N-DBP groups found at the highest 
concentrations in drinking waters typically, and HNMs are believed to be among the most 
toxic N-DBP groups, therefore those were other motivations for focusing mainly on these 
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groups in this thesis. Therefore, the literature reviewed below focuses on these three N-DBP 
groups, the structures and properties of which are summarised in Table 2.1 below. 
2.3.1 Haloacetonitriles (HANs) 
The haloacetonitriles (HANs) are an unregulated class of N-DBPs, which include two 
monohalogenated species (bromo- and chloro), three dihalogenated species (dibromo-, 
dicholoro-, and bromochloro-), and three trihalogenated species (trichloro-, tribromo-, 
bromodichloro-, and dibromochloro-). (Iodinated HANs may also exist, but these have never 
been investigated before.)  
DCAN is the most frequent HAN species reported and also usually occurs at a higher 
concentration in chlorinated and chloraminated waters compared to other N-DBPs (Krasner 
et al., 2006). HANs are produced form chlorination of a number of amino acids and humic 
acid such as kyurenine, glutamic acid, fulvic acid, and histidine (Bieber & Trehy, 1981; 
Reckhow et al., 1990; Ueno et al., 1996).  
From the previous Scottish drinking waters survey, median concentrations of four HANs 
(HAN4) measured was found at 1.7 µg/L where chlorination was practiced and 1.3 µg/L 
where chloramination was practiced (Goslan et al., 2009). In a different study, Lee et al 
(2007) calculated than DCAN form at an average of approximately five times higher from 
chloramination compared to chlorination of 17 fractions of NOM from various water sources. 
 
2.3.2 Halonitromethanes (HNMs) 
The HNMs are a group of non-regulated nitrogenous disinfection by-products (N-DBPs). 
They are currently receiving much research attention because, although they typically occur 
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at lower concentrations in drinking water than regulated DBPs, such as the THMs, and other 
N-DBP groups, they are believed to be more cytotoxic and genotoxic (Plewa et al., 2004; 
Plewa & Wagner, 2011). Chloropicrin is the most frequently recorded HNM in drinking 
water, though this is at least partly because it is the only HNM species included in many 
previous studies, since unlike the other HNMs, it is included in the USEPA method 551.1 
(USEPA, 1995) and commercial standards are readily available. There are a total of nine 
brominated and/or chlorinated HNMs: two monohalogenated species (chloronitromethane 
(CNM), bromonitromethane (BNM)), three dihalogenated species(dichloronitromethane 
(DCNM), bromochloronitromethane (BCNM), dibromonitromethane (DBNM) and four 
trihalogenated species(chloropicrin (trichloronitromethane (TCNM)), bromopicrin 
(tribromonitromethane, (TBNM)), bromodichloronitromethane (BDCNM) and 
dibromochloronitromethane (DBCNM). (Again, it is possible that iodinated species also 
exist, but these have not been investigated.)  
In the US nationwide DBP survey, the median concentration for the sum of eight HNMs was 
1 μg/L, although chloropicrin (TCNM), DBCNM, BDCNM and bromopicrin (TBNM) did 
reach maximum concentrations of 2, 3, 3 and 5 μg/L in individual samples, respectively 
(Weinberg et al., 2002; Krasner et al., 2006).  
More recently Shah et al. (2011) monitored the impact of UV pre-irradiation on three 
chlorinated HNMs (CNM, DCNM and TCNM) and Hu et al. (2010) included all nine species, 
while investigating the formation potential of natural waters. The latter study found TCNM 
and BDCNM were the most commonly formed HNM species, with DCNM and TBNM 
detected just above the minimum limit of detection in a few samples.  
There is limited information about the stability of HNMs in drinking water, particularly for 
species other than chloropicrin.  Joo & Mitch (2007)  found that chloropicrin degraded with a 
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half-life of ~3 days at pH 5 and 9 in the absence of oxidants. A ~3 day half-life for 
chloropicrin in the presence of monochloramine or free chlorine at pH 9 was reported, 
whereas chloropicrin was stable in the presence of free chlorine or monochloramine at pH 5. 
In another study by Radjenović et al. (2012), 71% of chloropicrin was degraded over 24 h at 
pH 7, with hydrolysis suspected to be the main mechanism of its disappearance from the 
solution. This degradation is in agreement with hydrolysis constants previously reported 
(10x10
-6
s
-1
 at pH 6.1;12.8 x 10
-6
 s
-1
 at pH 7.2; 9.5 x 10
-6
 s
-1
 at pH 6.1) by Croue & Reckhow, 
(1989). These values are equivalent to half-lives of 19.3, 15.0 and 20.3 h. Thus the 
degradation at pH 6.1 - 8.5 (Croue & Reckhow, 1989) was much more rapid than that 
occurring at pH 5 and pH 9 (Joo & Mitch, 2007). 
2.3.3 Haloacetamides (HAcAms) 
HAcAms are a relatively recently reported group of N-DBPs, though in some previous 
studies it was hypothesised that they may occur as intermediate products formed from the 
hydrolysis of HANs, and which can then be hydrolysed further to form haloacetic acids  
(Glezer et al, 1999; Reckhow et al., 2001; Ueno et al., 1996) 
The national US survey (Krasner et al., 2006), observed the highest level for the sum of the 
HAcAms, 14 µg/L, occurring at a treatment plant applying chlorine dioxide-chlorine-
chloramines as the disinfection scheme, whereas the median across all site was 7.4 µg/L. 
DCAcAm was the most prominent individual HAcAm species, with a median concentration 
of 1.3 µg/L. 
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Table 2.1: N-DBP compounds of interest in this study. 
Name  Chemical structure Physical/Chemical properties 
 
  Molecular Weight Boiling point log Kow 
   (g/mol) (°C at 76 cm Hg) 
 Haloacetonitrile 
    
Chloroacetonitrile  
 
75.50 126.5 0.11 
Bromoacetonitrile  
 
119.95 154.5 0.20 
Dichloroacetonitrile  
 
109.94 112.5 n.a. 
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Bromochloroacetonitrile  
 
154.39 121.1 0.38 
Dibromoacetonitrile  
 
198.84 163.1 0.47 
Dibromochloroacetonitrile  
 
233.29 118.2 1.39 
Trichloroacetonitrile  
 
144.39 85.7 1.21 
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Halonitromethanes 
 
   
Chloronitromethane  
 
95.49 122.5 0.22 
Bromonitromethane  
 
139.94 147.5 0.31 
Dichloronitromethane  
 
129.93 107.0 0.40 
Bromochloronitromethane  
 
174.38 132.7 0.49 
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Dibromonitromethane  
 
214.83 152.7 0.58 
Trichloronitromethane  
 
164.38 112.0 -0.25 
Dibromochloronitromethane  
 
253.28 134.9 1.50 
 
 
 
   
  
 
2
0
 
Haloacetamides 
 
   
2,2-Dichloroacetamide  
 
127.96 234.3 -0.09 
2,2-Dibromoacetamide  
 
246.86 277.3 0.09 
2,2,2-Trichloroacetamide  
 
162.40 239.0 0.83 
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2.4 Impact of disinfectants on N-DBP formation 
For the HANs, comparative formation potential tests with chlorine and chloramines on 
samples from surveyed water treatment plants showed a concentration ratio of 1.2/1.0 on a 
median basis (Mitch et al., 2009), using the method described for Dotson et al., 2009. This 
pattern is comparable to the Scottish survey, where median concentrations of HAN4 were 1.7 
µg L
-1
 in chlorinated waters and 1.3 µg L
-1
 in chloraminated waters  (Goslan et al., 2009).  
Dotson et al. (2009) reported that DCAN yields were approximately twice as high after 
chlorination than after chloramination, with highest yields from the most nitrogen-rich 
fractions of the natural organic matter tested (the hydrophilic bases). In the study by Lee et al. 
(2007), DCAN formation was on average approximately five times higher after 
chloramination than chlorination of 17 fractions from various water sources. Since 
disinfection protocols varied widely between these studies and HAN precursors can be either 
nitrogenous or non-nitrogenous contradictory literature results are perhaps not unexpected 
(Bond et al., 2011). Another relevant factor is that, in the presence of free chlorine, DCAN 
degrades to DCAA (Reckhow et al., 2001) while appearing to be more stable in the presence 
of monochloramine (Lee et al., 2007).  TCNM (chloropicrin) is formed at approximately 
equal yields from chlorination and chloramination (Richardson et al., 2008) while yields of 
chloropicrin were slightly higher from chlorination than chloramination of nitrogen-rich 
isolates (Dotson et al., 2009).  
Likely reasons for discrepancies in the relative effects of chlorine versus chloramines on 
HAN and HNM formation include differences in disinfection protocols between and/or 
within studies. DBP formation following chloramination is very sensitive to whether the 
chloramination is by addition of pre-formed chloramines to the water (i.e. chlorine and 
ammonia add together) or from separate addition of chlorine before ammonia (Bond et al., 
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2011). Furthermore, a confounding factor when comparing data from water treatment plants 
is that plants using chloramines often do so because of the inherently high THM and/or HAA 
formation potential of their water matrices to begin with, so the comparison is not always a 
fair one; the same can be said for treatment plants applying other disinfectants as alternatives 
to chlorine, such as ozone or UV, if THM minimisation is a priority (Templeton et al., 2012) 
2.5 Impact of organic precursors in source waters 
Dissolved organic nitrogen (DON) species such as amino acids, proteins, amino sugars, 
amides, nitriles, pyrroles, purines and pyrimidines are wide- spread in surface water 
(Westerhoff & Mash, 2002; Bond et al., 2011) and derive from the activity of 
microorganisms (e.g. algae), leaching from soil, or the influence of wastewater discharge 
(Westerhoff & Mash, 2002). The formation of N-DBPs, including HANs and HNMs, is 
highest from nitrogen-rich fractions of dissolved organic matter, and increased wastewater 
effluent organic matter (EfOM) and algal organic matter (AOM) in source waters is known to 
generally increase N-DBP concentrations in the subsequently treated drinking water (Dotson 
et al., 2009). 
Amine precursors are more reactive with oxidants compared to amide precursors. Amine 
(e.g., lysine, phosphatidylethonalomine) and amide (e.g., peptide bonds, N-
acetylglucosamine) structures dominated the organic nitrogen moieties in biomolecules 
(Mitch et al., 2009). Mitch et al. (2009) proposed that the lone electron pair on the primary, 
secondary, and tertiary amino nitrogen render these compounds reactive with oxidants. 
Quartenary amines and amides are much less reactive due to lack of a lone electron pair, the 
positive charge on quartenary amino nitrogens, and the electron-withdrawing nature of amide 
carbonyl. Both chlorine and chloramines can react with unprotonated amines, transferring a 
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chloride ion to an amino nitrogen. Even though less data are available for rate constants of 
reactions of chloramines with nitrogenous biomolecules, because chloramines are less 
reactive oxidants than chlorine the absolute rate constants are likely to be orders of magnitude 
lower than from free chlorine. Mitch et al. (2009) also suggested that because ozonation may 
be more effective at the conversion of amino groups to nitro groups, and ozonation followed 
by chlorination has been noted to promote chloropicrin formation (Hoigne and Bader, 1988; 
Merlet et al., 1985; Thibaud et al., 1987; Duguet et al., 1985).  
Chu et al. (2010) found that DCAcAm formation from aspartic acid, a potent free amino acid 
precursor, increased with pH while DCAN formation declined. Formation of DCAcAm at pH 
7 decreased with increasing chlorine doses, while formation of DCAN and dichloroacetic 
acid increased. However, the maximum yield of DCAcAm from aspartic acid was only 
0.09%, raising questions about the importance of free aspartic acid as a precursor in natural 
waters relative to other potential precursors. 
2.6 Impact of pH 
The influence of pH on N-DBP formation is at times conflicting in the literature, but general 
trends are summarised in Table 2.2 below.  Amongst the HANs, trihaloacetonitriles (THANs) 
have the highest rates of hydrolysis, followed by DHANs (Glezer et al., 1999; Oliver, 1983). 
Reaction rates with chlorine follow a similar trend, while all degradation rates increased with 
increasing pH ( Reckhow et al., 2001). However, Chu et al. (2010) noted that after 
chlorination of aspartic acid for 3 hours at pH 5, 7 and 9, DCAcAm  (the expected hydrolysis 
product of DCAN) was negligible at pH 5, only 0.2% at pH 7 and only 0.49% at pH 9 (Chu et 
al., 2010), hinting that DCAN hydrolysis may not be the only formation pathway; this 
requires further investigation.    
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Fewer studies have examined pH-mediated effects on N-DBPs in chloraminated waters. The 
net formation of DCAN was reported to be only slightly reduced over a pH range of 7.5 to 9 
(Pedersen III et al., 1999).  The formation of HNMs upon chloramination has been reported 
to be less influenced by pH as compared with chlorination (Joo & Mitch, 2007). 
Table 2.2: Effect of pH on N-DBPs reported from previous research (adapted from Bond 
et al. 2011).  
Group pH effect References 
Haloacetonitriles More stable at acidic pH, 
hydrolysed at alkaline pH 
(Oliver, 1983; Stevens et al., 
1989; Glezer et al., 1999) 
Haloacetamides Less stable at alkaline pH, probably 
more stable but lower 
concentrations at acidic pH 
(Reckhow et al., 2001; Krasner 
et al., 2006; Chu et al., 2010) 
Halonitromethanes TCNM formation increases with 
pH 
(Merlet et al., 1985; Joo and 
Mitch, 2007) 
 
2.7 Impact of bromide 
Brominated DBPs are recognised to be more cytotoxic and genotoxic than their chlorinated 
analogues ( Plewa & Wagner, 2009), therefore it is also important to understand the role of 
bromine in the formation of DBPs generally, and N-DBPs specifically in this thesis. Bromine 
species (HOBr/OBr
-
) are known to be more effective substitution agents than the equivalent 
chlorine species (Symons et al., 1993) and molar DHAN formation was reported to increase 
up to 101% for a largely autochthonous water source and 73% for a heavily allochthonous 
water source after spiking each with bromide (up to 30 µM) (Hua and Reckhow, 2007; Bond 
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et al., 2011); increasing bromide concentrations shifted the distribution of DHANs from 
DCAN to BCAN and then to DBAN. There is very little other information on the role of 
bromide in N-DBP formation, however.  
2.8 Summary 
While N-DBP occurrence in drinking water has been reported in a few previous studies, the 
knowledge of N-DBP occurrence at the beginning of this PhD research was limited because 
of either: previous inclusion of only a select few N-DBPs in the surveys, sampling only at the 
treatment works effluent rather than from the distribution system, and/or lack of complete 
water quality data to correlate to N-DBP levels in previous studies. Furthermore, at the time 
of this study there was no N-DBP occurrence data in England at all, so it was unknown 
whether N-DBP levels in other countries were representative of occurrence here, where there 
are differences in source water quality (e.g. typically much lower bromide concentrations 
than in Australia) and treatment practices (e.g. typically lower chlorine doses than in the US). 
Furthermore, while some information is available regarding the relative importance of 
chlorine versus chloramines in N-DBP formation, hydrolysis, and general stability, this 
information is lacking for most N-DBPs, and nor is there a fundamental understanding of the 
most high-yielding precursors or formation/degradation pathways for most N-DBPs. As such, 
these areas were chosen as the particular focus for this PhD research.   
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CHAPTER 3  
MATERIALS AND METHODS 
3.1 N-DBP occurrence 
Chapter 4 reports the results of a sampling campaign carried out at 20 water supply systems 
in England. The aim was to include water supply systems with a range of different treatment 
processes and source water types. Some water supply systems were included because of their 
known water quality characteristics (e.g. elevated bromide and dissolved organic nitrogen 
(DON) presence), which were suggested in previous research as possible causes of N-DBP 
formation (Krasner et al., 2006).    
3.1.1 Selection of water supply systems and DBP compounds 
Supply systems were selected to include those with treatment plants applying a range of 
disinfectants, including ozone, UV disinfection, chlorine and chloramines (Table 3.1). Six 
supply systems applied chloramination in the distribution network while the rest applied 
chlorination. Eight treatment works received water from a lowland source, five from an 
upland source and seven treated groundwater. Twelve treatment works received water from 
eutrophic water sources (a possible source of elevated DON), five had elevated bromide 
concentration (> 150 µg/L) in source waters, and five recorded elevated THM level (> 50 
µg/L) in finished water (Table 3.1). 
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Table 3.1: Source water type and treatment processes at the 20 surveyed supply systems.  
Plant Source Treatment processes Disinfectant 
A 
Lowland eutrophic 
reservoir  
Microstrainers, clarification, RGF, GAC , 
plumbosolvency control 
Pre-O3, post- O3, 
chloramination 
B 
Lowland eutrophic 
reservoir 
a
 
Micro-strainer, pH correction, DAF, 
RGF, GAC adsorption, plumbosolvency 
control 
Pre- O3, post- O3, 
chlorination 
C 
Lowland eutrophic 
reservoir 
Clarification, RGF, GAC adsorption, 
plumbosolvency control 
Pre- O3  post- O3, 
chloramination 
D Groundwater Plumbosolvency control 
Pre-UV irridiation, 
chlorination 
E 
Lowland short 
retention reservoir 
(no algae) 
a, b
 
pH adjustment, coagulant dosing, 
clarification, RGF, GAC, fluoride 
Pre- O3, intermediate 
O3, chlorination 
F 
Lowland eutrophic 
reservoir 
b
 
coagulation, flocculation, DAF, RGF, 
fluoride, GAC 
Chlorination 
G 
Lowland source, no 
risk factors 
Bio-filtration, polymer dosed, 
sedimentation, RGF, GAC 
Pre-O3, chlorination 
H Groundwater 
a
 nitrate removal, service reservoir Chloramination 
I Groundwater phosphoric acid, service reservoir Chloramination 
J Groundwater 
a 
 filtration, iron and manganese removal Chlorination 
K 
Upland source, no 
risk factors 
b
 
ferric dosing, clarification, RGF Chlorination 
L Upland 
b
 pH correction, RGF, membrane Pre-chlorination for Mn 
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microfiltration, phosphate dosing oxidation, chlorination 
M Upland Membrane microfiltration Chlorination 
N Lowland river 
pH correction, alum dosing, clarification, 
GAC-RGF, RGF contactors for Mn 
removal, de-chlorination with SO2 
Chlorination 
O Lowland water body 
pH correction, coagulation, clarification, 
RGF, GAC, dechlorination, phosphate 
dosing 
Pre- O3, 
superchlorination; 
network rechlorination  
P Groundwater GAC, dechlorination, phosphate dosing Superchlorination 
Q Groundwater 
a
 
RGF, sodium bisulfite, GAC; long 
distribution network  
Pre-chlorination, 
chlorination 
R Upland river 
pH correction, alum coagulation, 
clarification, RGF, GAC 
Chloramination 
S Upland reservoir 
b
 
Clarification (2 streams - DAF and 
Centrifloc) with ferric sulphate, lime 
addition for Mn oxidation, RGF, lime for 
pH correction, ortho-P 
Chlorination; 
ammoniation in part of 
network 
T Groundwater Aeration, KMnO4, microfiltration 
Superchlorination with  
hypo, long storage, 
small network (< 1 km) 
a = Elevated bromide concentration considered as > 150 µg/L and, b = elevated THM 
concentrations as > 50 µg/L 
RGF – Rapid gravity filtration, DAF – Dissolved air flotation, GAC – Granular activated carbon 
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The N-DBPs analysed in this survey included seven haloacetonitriles (HANs), seven 
halonitromethanes (HNMs), three haloacetamides (HAcAms) and cyanogen chloride (CNCl) 
– plus two haloketones which were included in the standard mix used in the calibration, 
USEPA Mix B (Table 3.2). In addition, four regulated trihalomethanes (THM4) were 
measured in Sampling Round 1 and Round 4, and nine haloacetic acids (HAAs) were 
measured in Sampling Round 4 only.  Initially the intention was to also quantify two other 
HAcAms (2-chloroacetamide and 2-bromoacetamide) and cyanogen bromide, but the data for 
these compounds could not be included because of low analytical recovery. 
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Table 3.2: List of DBPs reported in this study. 
Haloacetamides (HAcAms)  Haloacetonitriles  (HANs) 
2,2-Dichloroacetamide (2,2-DCAcAm)  Chloroacetonitrile (CAN) 
2,2-Dibromoacetamide (2,2-DBAcAm)  Bromoacetonitrile (BAN) 
2,2,2-Trichloroacetamide (2,2,2-TCAcAm)  Dichloroacetonitrile (DCAN) 
  Bromochloroacetonitrile (BCAN) 
Halonitromethanes  (HNMs)  Dibromoacetonitrile (DBAN) 
Chloronitromethane (CNM)  Trichloroacetonitrile (TCAN) 
Bromonitromethane (BNM)  Dibromochloroacetonitrile (DBCAN) 
Dichloronitromethane (DCNM)   
Bromochloronitromethane (BCNM)  Cyanogen chloride (CNCl) 
Dibromonitromethane (DBNM)   
Trichloronitromethane (TCNM)   
Bromodichloronitromethane (BDCNM)   
Dibromochloronitromethane (DBCNM)   
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3.1.2 Sampling 
Sampling was conducted by water company staff quarterly from December 2011 until 
December 2012 inclusive. The first round was carried out from July to October 2011, the 
second round was from November 2011 to February 2012, the third round from May to July 
2012 and the last round from August to October 2012. Samples were collected at two 
locations in each treatment works (pre-disinfection and final treated water) plus three sites 
from the distribution network, roughly chosen to represent near, middle, and distant parts of 
the distribution network. There was no blending or booster chlor(am)ination in any of the 
distribution networks during the course of the sampling.   
Samples were collected in glass bottle of 1-litre (semi-volatile method) or 60-ml (volatile 
method) capacity with plastic screw tops fitted with polytetrafluoroethylene (PTFE) or PTFE 
– faced liners. The bottles were rinsed with suitable cleaning agent (e.g. Decon 90), rinsed 
with water and dried prior to use. Then, 100 mg of ammonium chloride (6 mg for volatile 
method) was added to each bottle prior to sampling. All samples from the same water supply 
system were collected in duplicate on the same day and stored in refrigerator at below 4°C, 
extracted within 72 hours and analysed within 15 days of collection.  
3.1.3 DBP analyses 
N-DBP extraction were separated into two methods: all compounds were extracted into 
methyl tert-butyl ether (MTBE), following modified EPA method 551.1 (USEPA, 1995) 
followed by analysis by gas chromatography – mass spectrometry (GC-MS). CNCl, 
chloroacetonitrile (CAN), and trichloroacetonitrile (TCAN) were extracted using the volatile 
method (see section 3.1.3.2), while all the other compounds were extracted using the semi-
volatile method (see section 3.1.3.1). All standards for this study were commercially 
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available and were purchased from several suppliers (Table A1) except CNCl. This latter 
compound was synthesized based on the procedure of Wu et al. (1998), because the 
commercial standard went off the market early in the study period. All extractions and GC-
MS analyses for this sampling survey were conducted by Severn Trent Services, a 
commercial lab partner, with the data then sent to Imperial College for analysis by the author.  
3.1.3.1 Semi-volatile method  
A total of 18 N-DBP compounds were analysed by the following method (Table 3.3). 
Samples were removed from storage and allowed to reach room temperature first. Then 400 
±1 ml of sample were measured in a 500 ml glass bottle and pH was adjusted to 4.5 – 5.0 
with 10% hydrochloric acid HCl.  Then 20 µL aliquot of prediluted internal standard solution 
(d4-1,2 – dichlorobenzene) of 20 ng/mL was spiked into the sample before adding 50 g of 
NaCl and 50 mL methyl-tert-butyl ether (MTBE). The prepared sample then was put on 
shaker for one hour at 200 rpm. For Analytical Quality Control (AQC) blank and spike 
sample, a 400 ±1 ml of Rathburns water were measured and spiked with 64 µL of pre-diluted 
N-DBP standard solution of 50 µg/ mL. After an hour, the sample was removed from shaker 
and was allowed to rest for approximately two minutes to let the water and MTBE phases to 
separate. Using a 50 mL eppendorf pipette, the upper solvent layer was removed into a 60 ml 
vial, while making sure as little water as possible was carried over into the vial. The vial was 
then placed in the freezer overnight to freeze out any water present, then filtered using MTBE 
prewashed glass wool to remove any ice present in the extract. The 50 ml extract was 
concentrated to approximately 1 – 2 mL using a concentrator and further concentrated to 100 
µL using a nitrogen blow down apparatus to 100 µL. 
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Table 3.3: Compounds tested using semi-volatile method. 
Bromoacetonitrile  
  
Dibromonitromethane  
Dichloroacetonitrile  
 
Trichloronitromethane  
Bromochloroacetonitrile  
 
Bromodichloronitromethane  
Dibromoacetonitrile  
 
Dibromochloronitromethane  
Dibromochloroacetonitrile  
 
1,1-Dichloroacetone 
Chloronitromethane  
 
1,1,1-Trichloro-2-propanone 
Bromonitromethane  
 
2,2-Dichloroacetamide  
Dichloronitromethane  
 
2,2-Dibromoacetamide  
Bromochloronitromethane  
 
2,2,2-Trichloroacetamide 
 
2 µL of the extract was then injected into a GC-MS equipped with a fused silica capillary 
column. Details of apparatus and instrument settings were as follows: 
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Table 3.4: Instrument setting details and temperature programmes for semi-volatile method. 
GC: Agilent 6890 
Columns: 
Rtx5 Amine, 30 m x 0.25 mm diameter, 1 μm bonded film of 
polyphenylmethylsilicone deactivated pre-column, or equivalent. 
Restek base deactivated pre-column, 0.53 mm ID 
Carrier gas:  Helium, constant flow at 1.5 ml per minute. 
Injection volume: 
2 μl (Split split-less injection mode) with double gooseneck 
splitless liner,4mm x 6.5 x 78.5 base deactivated. 
Temperature programmes: 
Oven: 
Initial temperature at 34 °C for 3 minutes, then 20 °C per minute 
to 300 °C and hold for 8 minutes.  
Injector: 250 °C. 
Mass Spectrometer: Agilent  5973 
MS Quad 
Temperature: 
150 ºC 
Ion source: 230 ºC 
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3.1.3.2 Volatile method 
For the volatile method applied to CAN, TCAN and CNCl analysis, 50 ml aliquot of the 
aqueous sample was weighed (after the sample reached room temperature) and pH was later 
adjusted to 4.5 – 5.0 with 10% HCl. Then 20 µL aliquot of prediluted internal standard 
solution (d4-1,2 – dichlorobenzene) of 20 ng/mL was spiked into the sample before adding 15 
g of NaCl and 50 ml MTBE. The prepared sample then was put on shaker for one hour at 200 
rpm. For Analytical Quality Control (AQC) blank and spike sample, a 50 ±0.5 ml of 
Rathburns water were measured and spiked with 64 µL of pre-diluted N-DBP standard 
solution of 50 µg/ mL. After an hour, the sample was removed from shaker and was allowed 
to rest for approximately two minutes to let the water and MTBE phases to separate. Using a 
50 mL eppendorf pipette, the upper solvent layer was removed into a 2 ml vial, while making 
sure as little water as possible was carried over into the vial. The vial was then placed in the 
freezer overnight to freeze out any water present, then filtered using MTBE prewashed glass 
wool to remove any ice present in the extract. An aliquot of the extract was removed and 
transferred to a vial with a 100 µl insert. 2 µl of the sample extract was injected into the GC-
MS with the instrument settings as follows: 
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Table 3.5: Instrument setting details and temperature programmes for volatile method. 
GC: Agilent 6890 
Columns: 
J&W DB-624, 30 m x 0.25 mm diameter, 1.4 μm bonded film 
of polyphenylmethylsilicone Supelco non-polar  pre-column, 
0.53 mm ID   
Carrier gas:  Helium, constant flow at 1.5 ml per minute. 
Injection volume: 
2 μl (Split split-less injection mode) with double gooseneck 
direct liner, 2mm ID deactivated. 
Temperature programmes: 
Oven: 
Initial temperature at 34 °C for 2.5 minutes, then 20 °C per 
minute to 220 °C and hold for 0 minutes.  
Injector: 150 °C. 
Mass Spectrometer: Agilent  5973 
MS Quad 
Temperature: 
150 ºC 
Ion Source: 230 ºC 
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3.1.3.3 THM4, HAA9 and water quality  
For THM4 and HAA9 analysis, a United Kingdom Accreditation Service (UKAS) headspace 
– gas chromatography electron capture detector (GC-ECD) method was used, as 
recommended in USEPA Method 524.2 (Eichelberger et al., 1992). In summary, each sample 
was placed in a septum vial and allowed to equilibrate with its headspace vapour at 80 ºC. A 
sample of the vapour was injected using an automatic headspace sampler into a capillary 
column GC-ECD. Analytes were quantified using procedural standard calibration. 
Meanwhile, the nine chlorinated and brominated HAAs were analysed using a modified 
version of  USEPA Method 552.3 (Domino et al., 2003)  with quantification by GC-MS. In 
summary, a 400-mL volume of sample was adjusted to a pH of 0.5 or less and extracted with 
40 mL of MTBE containing an internal standard. The haloacetic acids that were partitioned 
into the organic phase were then converted to their methyl esters by the addition of acidic 
methanol followed by heating for two hours. The solvent phase containing the methylated 
haloacetic acids was separated from the acidic methanol by adding 7 mL of a concentrated 
aqueous solution of sodium sulfate. The aqueous phase was discarded. The extract was then 
neutralized with a saturated solution of sodium bicarbonate and the solvent layer was 
removed for analysis. The target analytes were identified and quantified by capillary column 
GC-MS. Analytes were quantified using procedural standard calibration. In addition to DBP 
analysis, twelve water quality parameters (Table 3.6) were measured using established 
protocols in accordance with standard procedures (APHA et al., 2005). 
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Table 3.6: Water quality parameters included in the survey. 
Parameters Unit 
Minimum Detection Limit, 
MDL 
Temperature  °C - 
Free chlorine  mg/L - 
pH   - 
Ammonia non-ionised mg/L 0.000048 
Ammonium ammonia and 
ammonium ion 
mg/L 0.021 
Nitrogen Kjeldahl mg/L 1.00 
Total Oxidised Nitrogen as NO3 mg/L 0.89 
Nitrite, NO2 mg/L 0.005 
Nitrate, NO3 mg/L 0.89 
Bromide, Br µg/L 13 
Total organic carbon, TOC mg/L 0.50 
UV Absorbance at 254 nm, UV254 Abs/cm - 
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3.2 Investigation of N-DBP precursors 
Chapter 5 reports on a set of experiments aimed at investigating N-DBP organic precursors, 
specifically involving bench work experiments on the formation of six DBP compounds 
(EPA 551.1 A standard mix, Sigma Aldrich, UK) in the presence of chlorine and pre-formed 
monochloramine under pH 6, 7 and 8 from seven amines precursors. 
3.2.1 Selection of model compounds 
Four of the selected precursors are amino acids, one a polypeptide, and the other two 
phenolic amines (Table 3.7). Amino acids, ubiquitous in surface waters, comprise a 
significant portion of dissolved organic nitrogen (DON), and typically represent some 2-5% 
of total natural organic matter (NOM). The selected amino acids have log Kow values from -
1.26 and -3.89 (USEPA, 2014) and are therefore predicted or known to belong to hydrophilic 
fractions of NOM (Bond et al, 2012; Bond et al., 2009). L-aspartic acid is known to generate 
significant amounts of DCAN (Trehy, Yost, & Miles, 1986) and was highlighted recently (Hu 
et al. 2010) as potentially acting as a HNM precursor. The peptide ala-ala is of interest 
because combined amino acids are thought to be four to five times commoner than free 
amino acids in drinking water sources (Hureiki et al., 1994). Finally, the two phenolic amines 
are isomers of 4-aminophenol, which was found to produce low yields of chloropicrin in 
1987 (Thibaud et al. 1987) (chloropicrin yield = 0.006% mol/mol, chlorine dose 15 mol/mol, 
24 h, pH 7). 
3.2.2 Reagents and disinfectant solution preparation  
Prior to sample preparation, 0.1 M sodium phosphate buffer of pH 6, 7 and 8 were prepared 
by mixing 0.2 M of monobasic stock solution and 0.2 M dibasic stock solution. The required 
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amount of each monobasic and dibasic stock solutions to produce 0.1 M of the above-
mentioned pH buffers can be found in Table A3 in the Appendices.  
Both chlorine and chloramines were measured by DPD-FAS titration (APHA, AWWA, & 
WEF, 2005) in at least triplicate on the day of use. Chlorine stock solution was prepared by 
dilution of a sodium hypochlorite stock solution: approximately 100 mL of sodium 
hypochlorite solution was measured and 400 mL ultrapure water was added to the solution to 
make and approximately 500 mL of chlorine stock solution. This chlorine stock solution was 
stored in the refrigerator at 4°C and was used throughout the whole experimental period. As 
this chlorine stock solution reduced over time, the concentration was checked by DPD-FAS 
titration method 4500-Cl F as can be found in Standard Methods for the Examination of 
Water and Wastewater (APHA et al., 2005).  
To prepare monochloramine stock solution, a 0.12 M monochloramine stock solution was 
prepared daily by slowly mixing sodium hypochlorite stock solution with ammonium 
chloride solution in a molar ratio N:Cl ratio of 1.4:1 at pH 8 (10 mM phosphate buffer). 0.332 
g ammonia chloride (NH4Cl) was added into 5 mL of prepared pH 8 buffer in a 50 mL 
volumetric flask and later 0.085 M of the prepared chlorine stock solution was added to the 
mixture. The stock was prepared at pH 8 or above to ensure monochloramine was the 
predominant species (USEPA, 1999). This solution was left in the dark for 1 h before the 
monochloramine concentration was checked by DPS-FAS titration. The (pre-formed) 
monochloramine stock must have free chlorine concentration less than 0.2 mg/L [as Cl2] and 
monochloramine concentration exceeded 6.5 mg/L [as Cl2]. All reagents used were of 
analytical purity or higher and all samples were prepared in duplicate.    
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3.2.3 Sample preparation 
In a 44 mL glass vial with PTFE lined plastic screw cap; a predetermined volume of 2 mL of 
each pH buffer was added. 2 mL of pH buffer was determined to be adequate in maintaining 
the pH condition in the sample vial after the addition of ultrapure water, model compound 
stock solution and disinfectant later. The sample vial was half-filled with ultrapure water and 
15 µM or 3 µM of model compound stock solution, as found in Table 3.7, was spiked into the 
vial, followed by addition of 525 µM of either chlorine or pre-formed monochloramine stock 
solution at a formation potential dose of 35 mol/mol (Bond et al., 2009). The sample was then 
filled with ultrapure water after briefly agitated to let the solution mix and capped headspace-
free before being stored in the dark for 24 hours. 
3.2.4  DBP analyses  
After 24 h contact in the dark at 20±2 °C under no-headspace conditions, 30 mL of sample 
was transferred into a 60 mL glass vial with PTFE lined plastic screw cap and extracted 
following a liquid-liquid extraction (LLE) method as found in Method 551.1 (USEPA, 1995).  
3 mL of methyltertiary-butyl ether (MTBE) was added to the 30 mL sample followed by 
acidification to pH ~3.5 with sulphuric acid (H2SO4) dilution and addition of 1 g copper 
sulphate and 10 g pre-baked sodium sulphate in the 60 ml glass vial (USEPA, 1995). Owing 
to instability of some DBPs, no quenching agent was used (Bond et al., 2009). The extraction 
vial was shaken vigorously by hand for approximately 4 minutes and was allowed to rest for 
approximately two minutes to let the water and MTBE phases to separate.  
An aliquot of the extract was removed and transferred to a GC vial and were subsequently 
quantified by gas chromatography with electron capture detection (GC-ECD, Perkin Elmer 
Clarus 500 GC) equipped with automated syringe injection in the lab at Imperial College, 
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using a modified version of USEPA method 551.1 (USEPA, 1995). The GC-ECD was 
equipped with a Restek Rxi-5 Sil MS column of dimensions 30 m x 0.25 mm x 0.25 µM. 1 
µL of extract were injected splitless into the column with the injector temperature set at 
170°C and the detector temperature of 297 °C. The initial temperature of the GC oven was set 
to 35°C and maintained for 22 minutes.  After this duration, the temperature increased by a 
rate of 10 °C per minute reaching 145°C, which was maintained for two minutes.  Next, the 
temperature increased by a rate of 20°C  per minute for four minutes, yielding a final 
temperature of 225, which was held for 10 minutes, making the total sample run-time of 49 
minutes.  
The internal standard was 1-bromo-4-fluorobenzene and a pair of procedural blanks was 
included in each set of samples. The quantified DBPs were chloroform (trichloromethane), 
chloropicrin (trichloronitromethane), dichloroacetonitrile (DCAN),  trichloroacetonitrile 
(TCAN), 1,1-dichloropropanone (1,1-DCP) and 1,1,1-trichloropropanone (1,1,1-TCP). These 
DBPs are available in a standard mix (Sigma Aldrich, UK). Method detection limits for these 
species were 0.1, 0.5, 0.1, 0.5, 0.1 and 0.2 µg/L, respectively.  
 
  
 
4
3
 
Table 3.7: Model compound precursors selected for this study. 
Name Structure Classification Molecular weight 
(g/mol) 
logKow (and predicted fraction) 
β-Alanine (3-Aminopropanoic acid) 
 
Amino acid 89.05 -3.05 (hydrophilic) 
 
L-Aspartic acid
a
 
 
Amino acid 133.1 -3.89 (hydrophilic) 
 
L-Methionine 
 
Amino acid 149.2 -1.87 (hydrophilic) 
 
L-Cysteine 
 
Amino acid 121.16 -2.49 (hydrophilic) 
 
Ala-Ala 
(L-Alanyl-L-alanine) 
 
Polypeptide 386.49 -1.26 (hydrophilic) 
 
  
 
4
4
 
 
3-Aminophenol
a
 
(3-Hydroxyaniline or m-aminophenol) 
 
Phenolic 109.13 0.21 (uncertain fraction) 
 
2-Aminophenol (o-aminophenol) 
 
Phenolic 109.13 0.62 (uncertain fraction) 
 
logKow values taken from USEPA’s EPI suite (USEPA 2011), with experimental values used wherever possible. a= initial concentration 3 µM; 
15 µM used for other precursors. 
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3.3 Investigation of HNM decay kinetics 
Chapter 6 summarises bench experiments were carried out in the Roger Perry Laboratory, 
Department of Civil and Environmetnal Engineering at Imperial College, to test the stability 
of two trihalonitromethanes – chloropicrin (TCNM) and dibromochloronitromethane 
(DBCNM) in the presence of chlorine and pre-formed monochloramine under pH 6, 7 and 8 
in a period between 1 to 24 hours. 
3.3.1 Regents and disinfectants preparations 
Both chlorine and chloramines were measured by DPD-FAS titration (APHA et al., 2005) in 
at least triplicate on the day of use. The chlorine stock solution used in this part of work was 
the same stock solution used in the model compounds as N-DBP precursor work (Section 
3.3.2). To prepare monochloramine stock solution, a 0.12 M monochloramine stock solution 
was prepared daily by slowly mixing sodium hypochlorite stock solution with ammonium 
chloride solution in a molar ratio N:Cl ratio of 1.4:1 at pH 8 (10 mM phosphate buffer). 0.332 
g ammonia chloride (NH4Cl) was added into 5 mL of prepared pH 8 buffer in a 50 mL 
volumetric flask and later 0.085 M of the prepared chlorine stock solution was added to the 
mix. The stock was prepared at pH 8 or above to ensure monochloramine was the 
predominant species (USEPA, 1999). This solution was left in the dark for 1 h before the 
monochloramine concentration was checked by DPS-FAS titration. The (pre-formed) 
monochloramine stock must have free chlorine concentration less than 0.2 mg/L [as Cl2] and 
monochloramine concentration exceeded 6.5 mg/L [as Cl2]. All reagents used were of 
analytical purity or higher and all samples were prepared in duplicate. 
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3.3.2 Sample preparation 
In a 44 mL glass vial with PTFE lined plastic screw caps, 100 µg/L of chloropicrin or 
DBCNM was added into half-filled vial with ultrapure and 2 mL of phosphate buffer at pH 6, 
7 or 8. Then 0.1 mM of the chlorine stock solution or the pre-formed monochloramine was 
added to the vial and was briefly agitated before filled with ultrapure water. The vial was 
capped headspace-free and stored in dark for the designated period. For each designated 
sampling period (1, 3, 6 and 24 hours) and pH (6, 7, and 8), a different sample vial was 
prepared. All samples were prepared in duplicate and all reagents used were of analytical 
purity or higher. All solutions were diluted using reverse osmosis (RO) treated ultrapure 
water. Chloropicrin (CP) was obtained from Sigma-Aldrich Co. (UK) and DBCNM was 
obtained from CanSyn Chem. Corp. (Ontario, Canada). 
3.3.3 DBP analyses  
After the designated contact time (1, 3, 6 or 24 hours) in the dark at 20±2 °C under no-
headspace conditions, 30 mL of sample was extracted following a liquid-liquid extraction 
(LLE) method (USEPA, 1995) in a 60 mL glass vial with PTFE lined plastic screw cap. 3 mL 
of methyltertiary-butyl ether (MTBE) was added to the 30 mL sample followed by 
acidification to pH ~3.5 with sulphuric acid (H2SO4) dilution and addition of 1 g copper 
sulphate and 10 g pre-baked sodium sulphate in the 60 ml glass vial (USEPA, 1995).  Owing 
to instability of some DBPs, no quenching agent was used (Bond et al., 2009). The extraction 
vial was shaken vigorously by hand for approximately 4 minutes and was allowed to rest for 
approximately two minutes to let the water and MTBE phases to separate.  
An aliquot of the extract was removed and transferred to a GC vial and were subsequently 
quantified by gas chromatography with electron capture detection (GC-ECD, Perkin Elmer 
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Clarus 500 GC) using a modified version of USEPA method 551.1 (USEPA, 1995) equipped 
with a Restek Rxi-5 Sil MS column of dimensions 30 m x 0.25 mm x 0.25 µM. A sample 
volume of 1 µL was injected splitless with injector and detector temperatures of 170 °C and 
297 °C respectively, while the GC oven temperature gradient ran from 35 to 225 °C. The 
internal standard was 1-bromo-4-fluorobenzene and a pair of procedural blanks was included 
in each set of samples. Method detection limits for chloropicrin and DBCNM were 0.5 and 
0.2 µg/L, respectively.  
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Table 3.8: Summary of TCNM and DBCNM decay experimental conditions. 
Halonitromethane Structure pH levels Disinfectants Time 
points 
(hours) 
Trichloronitromethane 
(TCNM or chloropicrin). 
Initial concentration =  
100 µg/L
 
(0.61 µM)  
 
6, 7, 8 No disinfectant; 
Chlorine  
(0.1 mM); 
Monochloramine 
(0.1 mM) 
1, 3, 6, 24 
Dibromochloronitromethane 
(DBCNM) 
Initial concentration =  
100 µg/L (0.40 µM) 
 
6, 7, 8 No disinfectant; 
Chlorine  
(0.1 mM); 
Monochloramine 
(0.1 mM) 
1, 3, 6, 24 
 
 49 
 
CHAPTER 4  
N-DBP OCCURRENCE IN DRINKING WATERS IN ENGLAND 
4.1 Comparison with previous N-DBP occurrence studies 
In this chapter the England N-DBP survey findings will be often compared against the 
previous US N-DBP survey conducted by Krasner et al. (2006) which included 12 water 
treatment works and sample collection over a two-year span and to a recent survey in 
Scotland for selected N-DBPs (Goslan et al. 2009). In this survey, two types of data analysis 
were carried out - first was where all of the data under the minimum detection limit (MDL) 
was included in the statistical calculation, assumed as 0.0 µg/L in all cases, and the other type 
excluded all the under the MDL data entirely from the statistical calculations (i.e. it was as if 
those samples had never been collected). The values for the first type are listed under 
‘Median (all)’ and ‘Mean (all)’ in Table 4.1. However, for all N-DBP compounds tested for 
this survey, a considerable number of samples tested displayed N-DBP concentrations below 
the MDL values – rendering the mean and median values too small for reporting. Thus, in 
this chapter the analysis carried out have excluded all the under  MDL values from the 
calculations entirely (i.e. it as if those samples had never been collected), making the results 
presented in this chapter a conservative  over-estimation of the real typical N-DBP 
concentrations in  drinking waters in England. 
Bromide is a critical factor in overall DBP formation as it leads to the formation of 
brominated DBPs. In the England survey, the median bromide concentration was 0.05 mg/L 
and the maximum concentration was 0.43 mg/L (Table 4.1). Even though there was a higher 
median bromide concentration in the US occurrence study (0.12 mg/L), the maximum 
concentration was approximately the same as in this study (0.40 mg/L). In comparison to 
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another study in Scotland, the median bromide level was approximate to this study (0.06 
mg/L), however the maximum level was slightly lower, 0.3 mg/L (Goslan et al., 2009). Of 
note however is that another critical precursor surrogate measurement for the formation of 
regulated DBPs, total organic carbon (TOC) concentration, was much lower in the England 
survey, with a median value of 1.7 mg/L compared to 5.8 mg/L in the US study.  
Specific UV absorbance (SUVA) was a parameter calculated to assess the organic matter 
content in the water (reactivity). In this study, SUVA was calculated as SUVA = UV 
absorbance/ total organic carbon (TOC), instead of the original dissolved organic carbon 
(DOC), because DOC was not measured  in this survey. SUVA provides an indication of the 
humic content of water matrices. The maximum SUVA value, 6.25 L/mg-M, was measured 
in the raw water from Plant L that treated an upland source water. There was a higher median 
value for SUVA in the US occurrence study (Krasner et al. 2006) (1.9 L/mg-M versus 1.47 
L/mg-M in this survey), though the maximum SUVA value in the US study was lower, 3.9 
L/mg-M. The median and maxima for the Scotland occurrence study (Goslan et al. 2009) 
have similar median and maximum SUVA level as this study, 2.1 and 5.2 L/mg-M, 
respectively. 
The nine HAAs were the group with the highest median concentrations, followed by the four 
regulated THMs (THM4). Even though sampling for both groups was only carried out in two 
of the four sampling rounds (THM4 in Rounds 1 and 4, HAAs in Round 4 only), the fact that 
these groups occurred at higher concentrations than the N-DBPs is consistent with previous 
studies (Krasner et al., 1989; Krasner et al., 2006). THM4  median and maxima value in this 
study, 24.8 µg/L and 79.7 µg/L, respectively, were lower than the US study and in the 
Scotland study - median 31 µg/L, maxima 164 µg/L; and median 74 µg/L, maxima 419 µg/L, 
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respectively). In contrast, on a median basis, HAA9 was higher (49.7 µg/L) than the US and 
Scotland study (34 and 20 µg/L, respectively).  
To compare with the US study, they reported the sum of all nine chlorinated and brominated 
haloacetonitriles (HANs) without reporting the concentrations of individual HAN compounds 
(except for DCAN). The Scotland survey only highlighted DCAN. In agreement with the 
earlier surveys, dihaloacetonitriles were the most common N-DBP compounds detected 
above their limit of detection, and dibromoacetonitrile (DBAN) was found at the highest 
concentration (8.1 µg/L). However, the HAN concentrations observed in this survey were 
safely below the WHO guideline values for DBAN (70 µg/L), and DCAN (20 µg/L) (WHO, 
2008) (Table 4.1).  
Haloacetamides (HAcAms) were found at 0.7 µg/L, on a median basis, while 
halonitromethanes (HNMs) were detected mostly just above their limit of detection, 0.2 µg/L. 
The maximum level for both groups in a single sample was 7.0 µg/L.  
Chloropicrin was the most common HNM detected above its detection limit and was 
measured at 0.1 µg/L, on a median basis, the detection limit for the compound, while the 
highest concentration detected was 0.5 µg/L. Cyanogen chloride (CNCl) was detected with a 
median concentration of 4.6 µg/L, the next highest after the HAAs and THM4, though it was 
measured much less frequently. 
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Table 4.1: Overview results from all four rounds of sampling. R = round. The water treatment plant identities are anonymised with alphabetical 
letters.  
Parameter  Unit  
Occurrence 
WTP of max occurrence 
Median Median (all)* Mean  Mean (all)* Maximum 
  
     
 
Water quality 
 
     
 
Temperature at sampling, C Deg C 12.5 12.5 12.8 12.8 21.1 R1, Plant O, Distribution 
Chlorine Free at Sampling mg/l 0.22 0.22 0.30 0.29 1.94 R3, Plant T,  Distribution 
Hydrogen ion (pH) 
 
7.6 7.6 7.6 7.6 9.3 R3, Plant S, Pre-Disinfection 
Ammonia non-ionised mg/l 0.001 0.000 0.002 0.001 0.056 R4, Plant S, Distribution 
Ammonium 
ammonia+ammonium ion mg/l 0.136 0.000 0.140 0.043 0.354 R4, Plant R, Post-Disinfection 
Nitrogen, N (Kjeldahl)  mg/l 17.90 0.00 17.32 3.67 36.4 R3, Plant C, Pre-Disinfection 
Total Oxidised Nitrogen as NO3 mg/l 11.50 9.86 14.88 13.61 75.60 R2, Plant H, Pre-Disinfection 
Nitrite, NO2 mg/l 0.047 0.000 1.738 0.279 36.200 R3, Plant C, Pre-Disinfection 
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Nitrate, NO3 mg/l 11.30 9.83 14.78 13.56 75.6 R2, Plant H, Pre-Disinfection 
Bromide, Br mg/l 0.05 22.5 0.06 0.04 0.43 R3, Plant L, Pre-Disinfection 
Total organic carbon, TOC mg/l 1.68 1.64 2.18 2.14 10.50 R4, Plant L, Pre-Disinfection 
UV Absorbance at 254 nm Abs/cm 0.026 0.026 0.060 0.060 2.510 R2, Plant R, Pre-Disinfection 
Specific UV Absorbance, SUVA L/ mg-M 1.47 1.47 1.60 1.60 6.25 R1, Plant L, Pre-Disinfection 
        DBPs / N-DBPs 
       Bromoacetonitrile  µg/L 0.3 0.0 1.0 0.0 3.8 R2, Plant A, Distribution 
Dichloroacetonitrile  µg/L 0.9 0.7 1.1 0.9 4.4 R3, Plant G, Distribution 
Bromochloroacetonitrile  µg/L 0.8 0.6 0.9 0.8 3.2 R3, Plant E, Distribution 
Dibromoacetonitrile  µg/L 0.9 0.6 1.2 1.0 8.1 R4, Plant B, Distribution 
Dibromochloroacetonitrile  µg/L 0.2 0.0 0.2 0.0 0.7 R2, Plant M, Post-Disinfection 
Chloroacetonitrile  µg/L 1.0 0.0 1.0 0.0 1.9 R2, Plant N, Distribution 
Trichloroacetonitrile  µg/L 0.1 0.0 0.1 0.0 0.1 R2, Plant N, Distribution 
Sum of HANs  µg/L 2.7 2.6 2.9 2.8 12.1 R4, Plant B, Distribution 
        
  
` 
5
4
 
Chloronitromethane  µg/L 0.8 0.0 1.0 0.1 3.5 R2, Plant M, Post-Disinfection 
Bromonitromethane  µg/L 0.1 0.0 0.2 0.0 3.8 R1, Plant T, Distribution 
Dichloronitromethane  µg/L 0.1 0.0 0.2 0.0 0.3 R3, Plant O, Distribution 
Bromochloronitromethane  µg/L 0.2 0.0 0.2 0.0 0.3 R3, Plant G, Post-Disinfection 
Dibromonitromethane  µg/L 0.1 0.0 0.1 0.0 0.3 R3, Plant G, Post-Disinfection 
Trichloronitromethane  µg/L 0.1 0.0 0.2 0.0 0.5 R3, Plant G, Distribution 
Dibromochloronitromethane  µg/L 1.3 0.0 1.3 0.0 1.4 R1, Plant P, Post-Disinfection 
Sum of HNMs µg/L 0.2 0.0 0.4 0.2 7.0 R1, Plant T, Distribution 
        2,2-Dichloroacetamide  µg/L 0.6 0.3 0.8 0.5 4.5 R3, Plant G, Distribution 
2,2-Dibromoacetamide  µg/L 0.7 0.3 0.9 0.6 4.5 R3, Plant B, Distribution 
2,2,2-Trichloroacetamide  µg/L 0.4 0.0 0.4 0.1 1.7 R2, Plant B, Distribution 
Sum of HAcAms µg/L 1.2 0.7 1.4 1.0 7.0 R3, Plant G, Distribution 
        Cyanogen Chloride µg/L 4.6 0.0 5.8 1.4 18.4 R3, Plant A, Distribution 
        
a
Sum of THM4 µg/L 24.8 24.4 27.4 26.8 79.7 R4, Plant M, Distribution 
  
` 
5
5
 
        1,1-Dichloroacetone µg/L 0.7 0.6 0.9 0.7 3.3 R2, Plant M, Distribution 
1,1,1-Trichloro-2-propanone µg/L 0.8 0.1 1.0 0.5 3.3 R4, Plant L, Distribution 
        bSum of HAAs µg/L 49.7 45.2 52.0 46.0 205.5 R4, Plant B, Distribution 
b
Sum of DXAA µg/L 10.8 9.7 11.7 10.3 29.9 R4, Plant L, Distribution 
b
Sum of TXAA µg/L 32.1 28.8 38.9 33.4 181.0 R4, Plant B, Distribution 
The values presented were calculated from a = Round 1 & 4, and b = Round 4 only. 
*
 All under minimum detection limit (MDL) values were included in calculations as 0.0 µg/L for median (all) and mean (all); all under MDL 
samples were excluded for median and mean calculations. 
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4.2 N-DBP formation by different disinfectants and source water types 
A noticeable increase in HAN formation was observed in samples pre-treated with ozone 
compared to those without pre-ozonation – 3.8 (final)  and  4.7 (distribution) µg/L (Figures 
4.1 and 4.2) recorded for pre-ozonation followed by chlorination, while for chlorination only, 
2.4 (final) and 2.5 (distribution) µg/L (Figures 4.7 and 4.8) was observed, on a median basis. 
The same trend was observed when comparing sites with pre-ozonation followed by 
chloramination with sites using chloramination only. This disagrees with a previous study by 
Yang et al. (2012) that suggested that pre-ozonation can reduce HAN formation,. The 
possible reason for this is that the treatment plants using pre-ozonation in this study were all 
eutrophic water sources which high nitrogenous organic content that acted as HAN 
precursors. In other words, the treatment plants applying pre-ozonation in this survey are 
likely to have had higher N-DBP formation potential, and therefore it is an unfair comparison 
against more pristine sources.  HAcAms occurrence followed HAN trends of being higher in 
pre-ozonated waters and lower concentrations were found in chloraminated waters both 
with/without pre-ozonation.  
Previous studies  showed that post-chlorination and post-chloramination following ozonation 
increases chloropicrin (TCNM) formation (Hoigne & Bader, 1988; Krasner et al., 2006), but 
it was not possible to confirm that in this survey because HNM concentrations were 
consistently at or just above the limit of detection. It should also be noted that the supply 
systems that practiced chloramination in this survey did this by first applying a free chlorine 
contact time (e.g. 30 minutes) followed by addition of ammonia to form chloramines, rather 
than adding pre-formed chloramine solutions.   
Unlike the other DBP groups, pre-ozonation followed by chloramination produced higher 
CNCl concentration on a median basis, 10.1 µg/L in distribution waters, than pre-ozonation 
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followed by chlorination in distribution system waters, 5.5 µg/L. Higher levels of CNCl were 
expected in chloraminated water compared to chlorinated water ( Krasner et al., 1989; 
Richardson et al., 2007). This was a case where formaldehyde, a known precursor of CNCl, is 
produced by chlorination and ozonation of drinking water ( Krasner et al., 1989; Na & Olson, 
2004). Water pre-treated with low pressure UV followed by chlorination formed the least 
CNCl concentration, 2.5 µg/L, though only one plant in this survey applied UV disinfection 
and it was a low-pressure (monochromatic) UV system; polychromatic (medium pressure) 
UV has been more commonly linked to N-DBP formation (Reckhow et al. 2010; Shah et al. 
2011).    
Shifting to chloramines from chlorine is well known to suppress THM formation (Bond et al., 
2011; Hua & Reckhow, 2007; Seidel et al., 2005).  and this was corroborated in this survey 
(see Figures 4.7 – 4.10); on a median basis, a much higher THM4 concentration was found in 
chlorinated sites without pre-oxidation in both final and distribution waters (26.3 µg/L and 
43.5 µg/L, respectively) compared to chloraminated sites without pre-oxidation (21.6 µg/L 
and 21.4 µg/L, respectively). The THM reduction was statistically significant (based on 
student t-test comparison at 95% confidence level) when comparing the chlorinated and 
chloraminated samples from distribution sites. The same was true comparing sites using pre-
ozonation followed by chlorine or chloramines, with post-chlorinated sites (26.6 µg/L and 
33.9 µg/L, for final and distribution waters, respectively) having higher THM4 concentrations 
compared to post-chloraminated sites (11.9 µg/L and 18.5 µg/L, for final and distribution 
waters, respectively).  
As illustrated in Fig.4.1 (b), pre-ozonation followed by chlorination increased the formation 
of trihaloacetic acids (TXAA), but achieved a slight reduction in the formation of 
dihaloacetic acids (DXAA), whereas the application of ozone prior to chloramination 
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increased both the formation of TXAA and DXAA compared to using chlorine/chloramine 
without pre-ozonation. Conversely, pre-ozonation is known to reduce TXAA formation (Hua 
& Reckhow, 2013) as TXAA precursors can be destroyed by ozone. However the DXAA 
precursors seem to have been less affected by ozone, though DXAA formation should also be 
reduced when ozone was applied prior to chlorination ( Reckhow & Singer, 1984). Again 
though, the increase in TXAA formation at pre-ozonated sites can be explained by the fact 
that most of the sites applying pre-ozonation treated eutrophic source waters and thus 
contained organic matter with higher DBP formation potential to start with (Table 3.1).  
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Figure 4.1: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for final waters only (no 
distribution system data included), in water pre-treated with ozonation and followed by 
chlorination. 
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Figure 4.2: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for distribution waters only, 
in water pre-treated with ozonation and followed by chlorination. 
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Figure 4.3: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for final waters only (no 
distribution system data included), in water pre-treated with ozonation and followed by 
chloramination. 
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Figure 4.4: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for distribution waters only, 
in water pre-treated with ozonation and followed by chloramination. 
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Figure 4.5: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for final waters only (no 
distribution system data included), in water pre-treated with UV and followed by 
chlorination. 
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Figure 4.6: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for distribution waters only, 
in water pre-treated with UV and followed by chlorination. 
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Figure 4.7: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for final waters only (no 
distribution system data included), in water treated by chlorination. 
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Figure 4.8: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for distribution waters only, 
in water treated by chlorination. 
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Figure 4.9: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for final waters only (no 
distribution system data included), in water treated by chloramination. 
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Figure 4.10: The ranges of the sum of concentrations for a) HANs, HNMs, HAcAms, and, 
CNCl, and b) THM4, DXAA, and TXAA measured in the survey for distribution waters only, 
in water treated by chloramination. 
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Generally, lowland water sources formed more DBP than upland waters and groundwater. 
However, as shown in Figure 4.14, an exception was THM4 formation –upland source treated 
with chlorine formed the highest THM4 concentration, where median and maximum 
concentrations were 53.7 and 79.9 µg/L, respectively. The maximum THM4 concentration in 
a single sample was also from this group, an upland water treatment works, Plant M (Table 
4.1). However, lowland water sources formed the most N-DBPs and TXAAs, compared to 
upland and groundwater sources. On a median basis, HANs and HAcAms formation from 
lowland water sources were higher compared to HANs and HAcAms formation from upland 
water and ground water sources. This was statistically significant (based on student t-test 
comparison at 95% confidence level) for the comparison of lowland water with  upland and 
ground water sources for HAN formation, though it was only statistically significant between 
lowland and groundwater sources for HAcAm formation. HNM concentrations however were 
detected only barely above the detection limit, thus no obvious trend could be elucidated. 
DXAA concentrations were highest in upland waters treated with chlorine, 19.5 µg/L on a 
median basis.  DXAA formation in an upland plant, Plant L (Table 4.1), had recorded highest 
DXAA concentration compared to other plants.   
Half of the lowland water sources in this study were eutrophic, and algae is an amino acid 
source which is known to act as precursor for HANs and other DBPs (Trehy et al., 1986), 
which may explain the higher N-DBP formation potential of those waters in this survey. As 
shown in Figure 4.14, THM formation was reduced in plants using pre-ozonation followed by 
chlorination, compared to chlorination only ( 30.5 and 37.2 µg/L, respectively) (Figure 4.14). 
This however was not statistically significant (p-value  = 0.06). Chloramination had reduced 
the median THM formation to 17.9 µg/L.  In a few previous studies, ozone has been shown to 
transform NOM from a hydrophobic character to hydrophilic character (Galapate et al., 2001; 
Marhaba et al., 2000), where the hydrophobic portion of NOM is known to produce greater 
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concentrations of THMs and HAAs than in the corresponding hydrophilic portion of NOM 
(Liang & Singer, 2003).  
The same trend was also observed in TXAA and DXAA concentrations (Figures 4.15 and 
4.16); though the median concentration for DXAA at chloraminated sites did not achieve 
significant reductions. For TXAAs, pre-ozonation reduced median TXAA concentration 
compared to chlorination without ozonation, 47.2 and 56.6 µg/L, respectively.This was also 
not statistically significant (p-value = 0.56). DXAA showed an increase where pre-ozonation 
was applied, from 10.8 µg/L and increased to 12.7 µg/L, which in this study showed no 
statistical significance. It was observed previously that switching chlorination to 
chloramination minimised THMs and TXAAs better than that of the DXAAs (Diehl et al., 
2000; Hong et al., 2007), which could not be corroborated by the findings of this survey as no 
statistical significance was found. 
HANs and HAcAms (Figures 4.11 and 4.12) concentrations in lowland waters were much 
lower compared to the THMs, TXAAs and DXAAs. The highest HANs and HAcAms 
concentration observed from plants treating lowland water sources were both at plants 
applying pre-ozonation followed by chlorine (12.5 and 7.0 µg/L, respectively). From 
observation, both HANs and HAcAms median concentration at sites applying preozonation 
and chloramination did increase both N-DBP median concentration, although only 
marginally. The effect of pre-ozonation on HNM is in agreement with the previous 
observations that pre-ozonation substantially enhances HNM formation (Choi & Richardson, 
2004; Hoigne & Bader, 1988; Krasner et al., 2006; Merlet et al., 1985). Pre-ozonation was 
expected to reduce HAN formation, however the opposite was true. This suggested that 
HANs precursor in lowland waters might have not been effectively removed during pre-
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ozonation, most probably due to lower doses of ozone than in  previous studies (Chiang et al., 
2010).  
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Figure 4.11: HAN occurrence comparison according to different disinfectants. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, Cl2 
= chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination  
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Figure 4.12: HAcAm occurrence comparison according to different disinfectants. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, 
Cl2 = chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination  
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Figure 4.13: HNM occurrence comparison according to different disinfectants. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, Cl2 
= chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination. 
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Figure 4.14: THM4 occurrence comparison according to different disinfectants. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, 
Cl2 = chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination. 
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Figure 4.15: DXAA occurrence comparison according to different disinfectants. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, 
Cl2 = chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination. 
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Figure 4.16: TXAA occurrence comparison according to different disinfectants. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, 
Cl2 = chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination. 
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4.3 Bromine substitution  
The bromine substitution factor (BSF) is defined as the ratio of the molar concentration of 
bromine incorporated into a given class of DBP to the total molar concentration of chlorine 
and bromine in that class and it can vary from 0 to 1 (Hua et al., 2006; Hua & Reckhow, 
2012).  The BSF provides a direct measure of bromine content of the total halogen 
incorporated into each group of DBPs, therefore, it can be used as an indicator to compare the 
degree of bromination of different classes of DBPs (Hua & Reckhow, 2012). Equation 4.1 
illustrates the basic BSF formula as can be found in Hua & Reckhow (2012), while Equations 
4.2 to 4.5 were the equations applied in the current research to calculate BSF for THM4, 
DHAN, DXAA and TXAA, respectively. This was the first time that BSF was applied to any 
N-DBP group, to the author’s knowledge.  
    
      
           
   (Equation 4.1) 
          
                 
                    
 (Equation 4.2) 
          
           
                 
 (Equation 4.3) 
          
           
                 
 (Equation 4.4) 
          
                    
                        
 (Equation 4.5) 
 
The bromine substitution factors (BSF) for THM4, DHAN, DXAA, and TXAA in the 
presence of chlorine and chloramine, for final and distribution waters were as illustrated in 
Figure 4.17. In all cases, positive linear regressions were obtained – i.e. a higher bromide 
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concentration increased the BSF of DBPs. However, there was a fair amount of scatter in all 
the plots (R
2 
< 0.7) due to the existence of a small number of extreme bromide 
concentrations. However in all cases, the relationships between bromide concentration and 
BSF in both final and distribution waters were statistically significant (based on student t-test 
comparison at 95% confidence level). In most cases, chlorination BSFs for all four DBP 
groups were slightly higher than the chloramination BSFs. The substitution factor for 
chlorination DHAN was the highest for both final and distribution waters (i.e. 0.91), though 
the maximum substitution factor for chloramination DHAN in final water was slightly lower, 
0.77.   
The maximum THM4 BSFs were lower than the DHAN BSFs in all cases, with the 
distribution system waters exhibiting the maximum BSFs of 0.80 for both chlorination and 
chloramination BSFs. Chlorination and chloramination BSF for both final and distribution 
waters for DXAA were much lower compared to other DBP groups (the maximum DXAA 
BSF value was from chlorination in distribution water, 0.09). This suggests that, in the 
DXAA group, DCAA dominated the DHAA species formed during chlorination and 
chloramination. On the other hand, TXAA substitution factor was almost comparable to that 
of the THM4, though THM4 had slightly higher maximum BSF. This was highlighted 
previously by (Krasner et al., 2009) that there may be less bromine incorporation in the 
TXAAs for two reasons - the presence of the functional group (e.g., carboxylic acid) in the 
TXAAs may cause steric interference in incorporating too many bromine atoms. 
Alternatively, brominated species may have formed but degraded to some extent. It is unclear 
which of these two possible factors (or both) led to the higher BSFs for DHANs, though the 
occurrence study data suggested that DBAN was relatively stable in all supply systems; no 
reduction in DBAN concentration was observed to be correlated to water age in distribution. 
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Overall, the substitution factors were observed to be slightly higher in distribution system 
waters for both chlorination and chloramination compared to the final waters leaving the 
treatment plants. Previously, Hua & Reckhow (2012) suggested relatively more bromine will 
incorporate into DBPs in the early stage of chlorination – as chlorination time increased, 
relatively more chlorine incorporated into DBPs. However, the opposite was observed in the 
current study, i.e. slightly higher BSFs were found in distribution waters. This suggested that 
more bromine were incorporated into DBPs as the disinfected water travel further to the end 
of the distribution system and might be due to lower Cl2/Br
-
 ratio in the water to begin with 
compared to the ratios in the Hua & Reckhow (2012) study. 
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Figure 4.17: Bromine substitution factor (BSF) for final and distribution water. (M) and (C) 
represents chloramine and chlorine, respectively. 
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4.4 Correlations between N-DBP groups 
Table 4.3 presents correlations between the concentrations of the measured DBP groups. 
HAN and HAcAm correlations were evident for both chlorinated and chloraminated waters 
(0.75 and 0.85, respectively), which suggests these groups may share certain common 
precursors. Furthermore, Reckhow et al. (2001) have highlighted at basic pH in the presence 
of chlorine, DCAN  hydrolysed to 2,2-dichloroacetamide (DCAcAm) and consequently 
dichloroacetic acid (DCAA). However, recently Huang et al. (2012) have suggested the 
possibility of HAcAms to form independently, not just the product of hydrolysis of HANs. 
They observed while chlorination favours DCAN formation, chloramination nearly always 
formed more DCAcAm than DCAN. This further emphasised the probability that another 
HAcAms formation pathway exists, especially during chloramination. 
However, the hydrolysis of HANs is still believed to be more dominant than other possible 
HAcAms formation pathways. As illustrated in Figure 4.18 (c) and (d), the slopes of the 
molar ratio DBAcAm/DCAcAm versus DBAN/DCAN, were always positive and the slopes 
were at least 0.63, indicating HAcAm concentration was greatly dependent on HAN 
concentration (statistically significant for distribution water samples based on student t-test 
comparison at 95% confidence level). There were fair amount of scatter, though in 
chlorination, for both final and distribution waters, the R
2
 was noticeably higher (0.73 and 
0.84, respectively) compared to in chloramination (0.48 and 0.53, respectively. This supports 
Huang et al. (2012) findings that hydrolysis of HANs in chlorination is more highly favoured 
than in chloramination. 
The speciation of chlorinated and brominated HANs and HAcAms groups were as illustrated 
in Figure 4.18 (a) and (b). Due to only DCAcAM and DBAcAm being the only HAcAms 
measured above their limits of detection in this survey, Equation 2 for BSF was altered to be 
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able to compare the bromine incorporation of HANs and HAcAms. The following Equations 
4.6 and 4.7 are for the BSF calculations of DHAN and DHAcAm, respectively. 
          
    
         
    (Equation 4.6) 
            
      
             
  (Equation 4.7) 
From the plots in Figure 4.18 (a) and (b), there was a good correlation (p-value = 0.008) 
between DHAN and DHAcAm BSF with R
2
 ranging from 0.73 to 0.79 for chlorination and 
chloramination in both final and distribution waters. Given that the slopes in Figure 4.18 (a) 
and (b) were mostly higher than 0.82, especially for the chlorination BSF in distribution 
waters, this suggests that the degree of bromination of DHAN and DHAcAm in this survey 
were almost equal. This further emphasise the strong correlation between HANs and 
HAcAms. (statistically significant based on student t-test comparison at 95% confidence 
level, p-value = 0.008) 
There were not any significant correlation between HNMs and any DBPs in chlorination and 
chloramination except for a weak correlation with HAAs (0.54 and 0.41, respectively). Bond 
et al. (2011) mentioned although the sum of analysed HNMs from Weinberg et al. (2002) and 
Mitch et al. (2009) carried out in the US, represented respectively 3% and 1% of THM4 on a 
median basis and considered a value of Pearson product moment correlation coefficient (r) of 
-0.02 and 0.14 for THM4 and HAA was not significant enough to correlate HNMs to the two 
regulated DBPs. Compared to Bond et al. (2011), this survey calculated relatively higher 
correlations between HNMs and HAAs, though still no apparent correlations can be seen 
between HNM and THM4 (Table 4.2). Other DBPs did not demonstrate any significant 
correlation to other DBPs except for THM4 and DXAA in both chlorination and 
chloramination (0.86 and 0.87, respectively). 
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THM4 did not correlate with any of the N-DBP groups (the best correlation was 0.30 with 
HAcAms) and therefore THM4 are not a useful surrogate measurement for N-DBP levels in 
drinking water. This is significant because THM4 are the only one of these DBP groups 
which are currently regulated in the water industry in England and Wales and the only 
routinely monitored DBP group by many water companies.   
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Table 4.2: Correlations
*
 between DBP groups in chlorinated and chlorinated waters. 
Chlorinated 
waters 
THM4 HAA9  DXAA TXAA  HANs  DHANs  HAcAms HNMs  
  (n = 26)  (n = 26) (n = 26) (n = 102)  (n = 102)  (n = 102) (n = 102) 
HAA9  0.69 
       DXAA 0.86 0.84 
      TXAA 0.43 0.91 0.63 
     HANs 0.22
a
 0.45 0.24 0.60 
    DHANs 0.21
a
 0.45 0.24 0.61 1.00 
   HAcAms 0.30
a
 0.52 0.34 0.64 0.75 0.74 
  HNMs 0.05
a
 0.54 0.59 0.37 0.10 0.07 0.39 
 CNCl 0.06
a
 0.00 0.10 0.13 0.27 0.28 0.26 0.15 
a (n = 52) Calculated only from Round 1 and 4 chlorinated samples. 
b (n = 24) Calculated only from Round 1 and 4 chloraminated samples. 
*
Pearson product moment correlation coefficient 
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Table 4.3: Correlations
*
 between DBP groups in chlorinated and chloraminated waters. 
Chloraminated  
waters 
THM4 HAA9  DXAA TXAA  HANs  DHANs  HAcAms HNMs  
  (n = 12) (n = 12) (n = 12) (n = 44)  (n = 44) (n = 44) (n = 44) 
HAA9 0.62 
       DXAA 0.87 0.79 
      TXAA 0.51 0.97 0.75 
     HANs 0.06
 b
 0.68 0.44 0.68 
    DHANs 0.06
b
 0.68 0.44 0.68 1.00 
   HAcAms 0.21
b
 0.60 0.41 0.61 0.85 0.85 
  HNMs 0.05
 b
 0.41 0.18 0.75 0.12 0.10 0.24 
 CNCl - - - - 0.42 0.42 0.49 0.07 
a (n = 52) Calculated only from Round 1 and 4 chlorinated samples. 
b (n = 24) Calculated only from Round 1 and 4 chloraminated samples. 
*
Pearson product moment correlation coefficient 
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Figure 4.18: Relationship between HAN and HAcAm (a) BSF for DHAcAm versus DHAN 
for final water, and (b) for distribution water. Figure (c) is the ratio (molar basis) for 
DBAcAm/DCAcAm versus DBAN/DCAN for final and (d) distribution waters. 
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4.5 Correlations between N-DBP groups and water quality parameters 
Most previous research studies investigating the links between water quality parameters and 
DBP concentrations were based on bench experiments under controlled conditions (e.g. pure 
waters). In the current survey, Pearson product moment correlation coefficient (r) was 
calculated to investigate any correlations between the water quality parameters and the DBP 
levels in the real water samples collected in the survey.  
As shown in Tables 4.5 and 4.6, the most noticeable correlations in chlorination and 
chloramination were of HANs, HAcAms and HAAs with both total organic carbons (TOC) 
and UV254. HAcAms were known be a product of hydrolysis of HANs and can subsequently 
hydrolyse to HAAs (Glezer et al., 1999; Reckhow, 2001; Ueno et al., 1996). Due to the fact 
that all three DBP groups showed the same correlation trend with TOC and UV254, this 
suggested that the probability that all three groups might share the same group of precursor 
were high. Higher correlations were observed in chloramination compared to chlorination in 
all cases, and HANs and TOC r in chlorination and chloramination were 0.58 and 0.84, 
respectively. Also, HANs and UV254 r were 0.47 and 0.73, HAcAms and TOC r were 0.41 
and 0.78, and HAcAms and UV254 r were 0.28 and 0.69, respectively.HNM and CNCl did not 
show any significant correlation with any of the water quality parameters. 
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Table 4.4: Correlations
*
 between DBP groups and water quality parameters in chlorinated waters. 
 Chlorinated 
waters 
THM4 HAA9  DXAA TXAA  HANs  DHANs  HAcAms HNMs  CNCl  
(n = 41) (n = 20) (n = 20) (n = 20) (n = 82) (n = 82) (n = 82) (n = 82) (n = 82) 
pH 0.24 0.11 0.11 0.01 0.08 0.08 0.06 0.02 0.02 
TON 0.44 0.19 0.02 0.21 0.05 0.05 0.08 0.01 0.04 
TOC 0.16 0.25 0.09 0.32 0.58 0.58 0.41 0.00 0.36 
UV254 0.12 0.23 0.09 0.26 0.47 0.47 0.28 0.03 0.28 
          
*
Pearson correlation coefficient 
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Table 4.5 – Correlations* between DBP groups and water quality parameters in chloraminated waters. 
 Chloraminated  
waters 
THM4 HAA9  DXAA TXAA  HANs  DHANs  HAcAms HNMs  CNCl  
(n = 24) (n = 12) (n = 12) (n = 12) (n = 38) (n = 38) (n = 38) (n = 38) (n = 38) 
pH 0.73 0.28 0.63 0.11 0.34 0.33 0.27 0.24 0.09 
TON 0.48 0.63 0.37 0.77 0.19 0.19 0.22 0.13 0.03 
TOC 0.25 0.75 0.62 0.74 0.84 0.83 0.78 0.30 0.34 
UV254 0.53 0.78 0.75 0.72 0.73 0.73 0.69 0.20 0.31 
*
Pearson correlation coefficient 
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4.6 Summary 
N-DBPs occurrence in drinking water in England was investigated to elucidate the effects of 
disinfection type, source water type and water quality, and to investigate potential 
correlations between the N-DBP groups. Several important novel findings arising from the 
study described in this chapter are as follows: 
 This chapter provides a new and comprehensive data for typical N-DBP occurrence in 
drinking water. This survey is one of a few in the world and definitely the most 
comprehensive in the UK. 
 Most of the N-DBPs in this survey occurred at broadly similar level to other surveys 
carried out in the US and Scotland, though occurrence data has been gathered for 
some compounds which were not included in those earlier surveys, and the current 
survey included distribution system samples, not just treatment works samples. 
 Chlorination BSF always found slightly higher than chloramination. BSF for DHAN 
were higher than the BSFs of other DBP groups. This is significant because 
brominated DBPs have been reported to be more toxic than their chlorinated 
analogues. 
 Bromine substitution degree of HANs and HAcAms in this survey were almost equal 
when comparing only the dichlor- and dibromo species of HANs and HAcAms. This 
emphasised the strong correlation between the occurrence of these two N-DBP 
groups.  
 HANs, HacAms and HAAs all had strong correlations with both TOC and UV254, . 
This highlights the likelihood that all three N-DBP groups share the same group of 
precursors. That said, the Pearson correlations between these groups was only 
moderate, suggesting that there are also separate formation pathways involved besides 
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just hydrolysis between these groups. In general, HAAs are a better surrogate indictor 
for HANs and HAcAms than are THMs. 
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CHAPTER 5 
INVESTIGATION OF AMINES AS N-DBP PRECURSORS 
This chapter examines potential organic precursors of N-DBPs, specifically amines, in terms 
of their N-DBP yields when exposed to chlorine or chloramines under different pH 
conditions. The organic precursors that were considered in these experiments were 
summarised earlier in Table 3.3. Chloroform formation was also considered, to examine 
whether N-DBP formation corresponded with C-DBP formation at all. An improved 
understanding of N-DBP precursors may be useful to guide treatment strategies aimed at 
optimising the removal of these compounds prior to disinfection. However, any such 
strategies should not simultaneously jeopardise the reduction of other DBPs or pathogen 
control. 
5.1 DBP formation during chlorination 
Chloroform generated by chlorination at pH 6 was less than at pH 7 for all compounds except 
L-aspartic acid. For example, for 3-aminophenol the chloroform yield fell from 18.08 ± 
1.33% (pH 7) (Figure 5.2) to 11.84 ± 0.25% (pH 6) (Figure 5.1). Increased DCAN formation 
following chlorination at pH 7 relative to 6 was observed for all precursors. For L-aspartic 
acid this was from 8.10 ± 0.57% (pH 7) to 12.79 ± 0.30% (pH 6) and for 3-aminophenol from 
1.91% (pH 7) to 4.34% (pH 6). A similar pattern was observed for TCAN, as formation 
increased for all precursors except L-methionine and ala-ala as the pH decreased. For the two 
most reactive precursors – L-aspartic acid and 3-aminophenol – these increases were from 
0.67 ± 0.12% (pH 7) to 1.50 ± 0.75% (pH 6) and from 2.38 ± 0.01% (pH 7) to 2.82 ± 0.03% 
(pH 6), respectively. Such a pattern can be explained by increased hydrolysis at higher pH 
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values, with trihaloacetonitriles having the fastest rates of hydrolysis, followed by 
dihaloacetonitriles (Glezer et al., 1999). 
Hu et al (2010) proposed a mechanism by which chlorination of L-aspartic acid generates 
chloropicrin, however, the present study shows that chloropicrin is not a significant product 
from L-aspartic acid. This amino acid was measured at a maximum concentration of 1.6 
µg·L
-1
 in raw water from 16 US water treatment plants containing relatively high levels of 
organic nitrogen (Dotson & Westerhoff, 2009; Mitch et al., 2009). Based on the maximum 
chloropicrin yield from chlorination of L-aspartic acid of 0.04 ± 0.00 % (at pH 6) in the 
current study, these environmental concentrations imply a chloropicrin concentration of 7 x 
10
-4
 µg/L. However, even this value is likely to be an overestimate of the situation in real 
water treatment plants, given that formation potential methodologies are designed to 
maximise DBP formation.  
From the current study, L-aspartic acid and 3-aminophenol represented the most reactive 
chloropicrin precursors in acidic conditions (pH 6) (Figure 5.1); for both precursors, 
chloropicrin formation was slightly enhanced at acidic pH. Concentrations of the two 
haloketones generated by chlorination at pH 7 and pH 6 were generally similar, indicating 
that the formation of these two species from selected precursors was relatively stable over 
this pH range.  
The most reactive precursor following chlorination at pH 7 was 3-aminophenol, which 
generated 18.08% ± 1.33% mol/mol of chloroform (Figure 5.2). Its structural isomer, 2-
aminophenol, formed 2.45% ± 0.2% mol/mol chloroform, with all other precursors producing 
0.95% mol/mol or less from chlorination (Figure 5.2). Chloroform formation from these two 
compounds was previously reported at pH 7 as 0.6% mol/mol and 9.7% mol/mol, 
respectively (DeLaat et al., 1982), with these lower yields most likely attributable to the 
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lower contact time and chlorine dose that were used in the earlier study (15 h and 20 mol/mol 
respectively, rather than 24 h and 35 mol/mol here). The greater reactivity of 3-aminophenol 
was presumed to be caused by the meta-configuration of its hydroxyl and amino substituents, 
which resembles those of the potent THM precursor resorcinol (Rook, 1977) in being prone 
to enolization and subsequently halogenation. Subsequently, Gallard and Gunten (2002) also 
suggested resorcinol-type structures were potentially responsible for the fast-reacting THM 
precursors, which represent 15–30% of the THM precursors of natural waters. 
The second most reactive precursor at neutral pH was L-aspartic acid, which generated 8.10 ± 
0.57% mol/mol of DCAN from chlorination (Figure 5.2). The DCAN yield from chlorination 
of L-aspartic acid was previously reported as 6 % mol/mol (Bond et al., 2009), in addition to 
26% mol/mol of dichloroacetic acid (DCAA). TCAN yields of 0.67 ± 0.12% and 2.38 
±0.01% mol/mol from L-aspartic acid and 3-aminophenol, respectively, are notable given 
that this species is infrequently encountered at significant concentrations in drinking water. 
Chloropicrin yields following chlorination were low in all cases: 0.05% or under for all 
precursors, with highest yields for 3-aminophenol and L-aspartic acid, which produced 0.05 ± 
0.00% and 0.03 ± 0.00%, respectively (Figure 5.2). Thus, the most reactive chloropicrin 
precursor at netural pH was 3-aminophenol (Figure 5.2) and followed by 3- and 2 – 
aminophenols (Figure 5.2) which illustrates that both phenolic amines, as well as amino 
acids, can act as precursors in natural waters.   
Chloropicrin was formed at a yield of 53% from 3-nitrophenol (Merlet et al., 1985), an 
oxidised analogue of 3-aminophenol. Together with data from the current study this indicates 
that a rate-limiting step for HNM formation from both chlorination and chloramination of 3-
aminophenol is transforming the amino group to a nitro group. Research using natural water 
indicates ozone is more effective in favouring this transformation, which agrees with the 
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enhanced HNM formation observed  where ozone is applied before chlorine (Hoigne & 
Bader, 1988).  
At basic pH (pH 8) (Figure 5.3) the chloroform concentrations from the chlorination of 3-
aminophenol were less than at pH 7 - 12.42 ± 3.04% - whereas chloroform produced from 
every other precursor was higher at pH 8. It has previously been suggested chloroform 
formation from citric acid was maximised at pH 7 because of neutral pH being optimum for a 
rate-determining oxidative decarboxylation step (Larson & Rockwell, 1979). Conversely, 
increased chloroform formation from ala-ala at pH 8 relative to pH 7, 1.70 ± 0.11% versus 
0.83 ± 0.01%, suggests that a key reaction step, most likely cleavage of the peptide bond, was 
faster under alkaline conditions. 
Meanwhile, the concentrations of DCAN and TCAN generated by the chlorination of L-
aspartic acid fell from 8.10 ± 0.57% to 1.85 ± 0.01 % and from 0.67 ± 0.12% to 0.21 ± 
0.00%, respectively, as the pH increased from 7 (Figure 5.2) to 8 (Figure 5.3). In addition to 
increased hydrolysis of HANs under alkaline conditions, this is likely related to higher pH 
promoting the aldehyde pathway of amino acid chlorination (Trehy et al., 1986), which 
would favour haloacetaldehyde and chloroform formation over the formation of HANs 
(Figure 5.8). This correlates with the current study in that the concentration of chloroform 
increased slightly for between pH 6 and 8 for all of the studied amino acids and ala-ala, this 
being most marked for ala-ala, where chloroform formation increased from 0.80 ± 0.01% 
mol/mol at pH 6 (Figure 5.1) to 1.70 ± 0.11% at pH 8(Figure 5.3). Nonetheless, more obvious 
was the reduction in DCAN and TCAN from chlorination as the pH increased (Figure 5.7). 
Finally, there was no consistent change in chloropicrin concentrations between chlorination at 
pH 7 and pH 8, with yields being similar in both cases. 
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5.2 DBP formation during chloramination 
Comparing chloramination DBPs at pH 6 and 7, the overall pattern was similar as for 
chlorination, although with some subtle differences (Figures 5.4 – 5.6). Perhaps most notable 
is enhanced 1,1,1-TCP formation from L-aspartic acid, L-methionine and L-cysteine - 0.14% 
,  0.26% and 0.14% mol/mol – at pH 6; yields at pH 7 being <0.03% for these three 
precursors. Stevens et al., (1989) found higher amounts of 1,1,1-TCP at pH 5 compared with 
pH 7 and pH 9.4, consistent with faster hydrolysis of 1,1,1-TCP under alkaline conditions.  
Chloramination of 3-aminophenol produced significantly lower amounts of chloroform than 
did chlorination: 1.56 ± 0.11% (Figure 5.5) versus 18.08 ± 1.33% mol/mol (Figure 5.2), 
respectively. Similarly, previous investigations using resorcinol showed that chloramination 
led to much lower yields of chloroform (<8%) than those resulting from the application of 
free chlorine (90-95%) (Cimetiere et al,. 2010). It is also interesting that similar amounts of 
chloroform were generated by chloramination and chlorination of the polypeptide ala-ala: 
0.77 ± 0.10% and 0.83 ± 0.01% mol/mol, respectively. Although the peptide (or amide) bond 
which links amino acid monomers in peptides such as ala-ala is thought to react only slowly 
with chlorine (Scully et al., 1988), the formation of chloroform and other DBPs from ala-ala 
indicates that this was occurring under the conditions of this study. This would be expected to 
liberate two degradation products, either two L-alanine molecules, or one lactic acid and one 
1,2-diamino-1-propanone. Chloroform formation from L-alanine was reported as 0.1% 
mol/mol by Hureiki et al. (1994) (pH 8, 72 h, excess chlorine dose), so it seems likely one of 
the other two proposed products has a higher chloroform formation potential. 
Chloramination of L-aspartic acid produced only 0.03 ± 0.06% mol/mol DCAN at neutral pH 
(Figure 5.5), a dramatic reduction compared with chlorination, which generated 8.10 ± 0.57% 
mol/mol. TCAN formation was reduced by chloramination for all precursors, most markedly 
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for 3-aminophenol, the most reactive TCAN precursor: from 2.38 ± 0.01% (chlorine) (Figure 
5.2) to 0.31 ± 0.18% (chloramines) (Figures 5.5). Chloropicrin formation was increased by 
chloramination for 2-aminophenol and L-aspartic acid, where respective increases from 
0.01% mol/mol (chlorine) to 0.09% mol/mol (monochloramine) and from 0.03% mol/mol 
(chlorine) to 0.08% mol/mol (monochloramine) were observed. These were the highest 
chloropicrin yields observed in the study. 
With regard to the chloroform produced by chloramination at pH 7 and pH 8, two precursors 
– β- alanine and L-methionine – produced no chloroform at either pH, while for the other five 
precursors yields fell as the pH increased. For instance, 3-aminophenol generated 1.56 ± 
0.11% mol/mol at pH 7 (Figure 5.5) and 1.21 ± 0.00% mol/mol at pH 8 (Figure 5.6). DCAN 
formation from 3-aminophenol fell from 1.40% to 0.58% mol/mol as the pH increased from 7 
to 8. This was expected based on the faster hydrolysis of DCAN under alkaline conditions 
(Glezer et al., 1999; Reckhow et al., 2001). As was the case for chlorination, the 
concentrations of the two haloketones produced by chloramination generally decreased as the 
pH rose from 7 to 8, while overall yields of chloropicrin were slightly lower at pH 8 (Figure 
5.6). 
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Figure 5.1: DBP formation from chlorination at pH 6. 
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Figure 5.2: DBP formation from chlorination at pH 7 
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Figure 5.3: DBP formation from chlorination at pH 8 
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Figure 5.4: DBP formation from chloramination at pH 6 
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Figure 5.5: DBP formation from chloramination at pH 7 
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Figure 5.6: DBP formation from chloramination at pH 8 
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5.3 Aggregate DBP formation  
Analysis of the aggregate DBP formation (i.e. the mass sum of the DBPs formed from the 
individual precursors) reveals some relative trends which are relevant to drinking water 
treatment. Aggregate chloropicrin yields from chlorination and chloramination were overall 
similar, with the highest yields from chloramination at pH 7. Chloropicrin yields at pH 7 for 
chloramination and chlorination were 0.22% mol/mol and 0.14 mol/mol, respectively (Figure 
5.7). 
In contrast, aggregate chloroform formation was reduced by 75-87%, from using 
monochloramine rather than chlorine at the three pH values considered. This is consistent 
with literature on natural waters which reported that THMs from chloramination are typically 
less than 20% of those from chlorine (Cowman & Singer, 1996; Diehl et al., 2000). DCAN 
aggregate yields were reduced by 66 – 90% through the use of monochloramine at the three 
pH values. This is comparable to results reported by Dotson et al. (2009), who found DCAN 
yields from chlorination of nitrogen-rich fractions of NOM were approximately twice those 
from chloramination.  
The classical mechanism for the chlorination of amino acids proceeds via the formation of 
organic mono and dichloramines and results in the formation of an aldehyde and a nitrile 
(Yang et al., 2010).  Formation of the aldehyde only requires an equimolar amount of 
halogenating agent, whereas the nitrile requires at least two molar equivalents. The most 
important difference between chlorination and chloramination is that nitrile products can 
result from both aldehyde and nitrile pathways during monochloramination (Yang et al., 
2010).  
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This study also reported formation of low yields of chloroform (≤1.22% mol/mol), TCAN 
(≤1.50% mol/mol), chloropicrin (≤0.04% mol/mol), 1,1-DCP (0.52% mol/mol) and 1,1,1-
TCP (≤0.11% mol/mol) from the chlorination of L-aspartic acid. Similarly low yields of these 
compounds were observed from the chlorination and/or chloramination of the other selected 
amino acids (Figures 5.1 – 5.6). For TCAN, the most likely formation route is trihalogenation 
of the nitrile produced (Figure 5.8). Croue & Reckhow (1989) chlorinated a solution of 
DCAN over an eight hour period and detected no TCAN, so this route is not deemed 
applicable. Formation of trichloroacetaldehyde, followed by hydrolysis, is a likely route for 
chloroform production (Figure 5.8). Both of these trihalogenated products are most likely to 
occur at high chlorine doses, as applied in the current study.  
In the mechanism suggested by Hu et al. (2010), for L-aspartic acid liberation of chloropicrin 
and formaldehyde is preceded by the formation of an ethene derivative, although this requires 
confirmation. The reasons for this are unclear; limited available evidence suggests that 
chloropicrin is more stable in the presence of monochloramine than free chlorine (Joo & 
Mitch, 2007), which may have played a role in the experiments in the current study.   
Similarly, there were important relative differences in the impact of pH on the DBPs formed 
by chlorination versus chloramination. Aggregate formation of both DCAN and TCAN from 
chlorination was dramatically reduced as the pH increased, whereas for chloramination there 
were no consistent pH trends (Figure 5.7). For example, aggregate DCAN formation 
following chlorination at pH 6, 7 and 8 was 19.63%, 11.74% and 6.05%, respectively, while 
equivalent values following chloramination were 2.03%, 2.19% and 2.08%, respectively. 
There was no consistent relationship between pH and chloropicrin formation for either 
disinfectant. 
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Figure 5.7: Comparison of aggregate DBP formation between chlorination (top) and 
chloramination (bottom) at pH 6, 7 and 8. 
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It is striking that chloroform, rather than DCAN, was the major product formed from 
chloramination of L-aspartic acid at pH 6 and 7 (Figure 5.2), whereas the opposite was true 
for chlorination of this precursor at all three pH levels (Figure 5.1). This indicates that 
chloramination favoured products of the aldehyde pathway, specifically chloroform, over 
those of the nitrile pathway, whereas the converse applied for chlorination (Figure 5.4).       
Using isotopically-labelled monochloramine (
15
NH2Cl) Yang et al. (2010) showed that the 
majority of nitrogen in DCAN generated from monochloramination of L-glutamic acid, 
tryptophan and Suwannee River natural organic matter was derived from the disinfectant 
rather than from the organic precursor. Furthermore, as the nitrogen was largely derived from 
monochloramine, the aldehyde pathway must have been the dominant formation pathway, 
given that no external nitrogen is needed to form DCAN via the nitrile pathway (Figure 5.4). 
This agrees with the mentioned prevalence of chloroform production from chloramination of 
L-aspartic acid in the current study. 
By extension, the formation of DCAA and dichloroacetamide from chloramination can also 
be because of direct monochloramination reactions producing DCAN, followed by hydrolysis 
to the corresponding haloacetamide and haloacetic acid (Figure 5.4). This is significant 
because previous studies have noted how chloramination favoured the formation of 
dihaloacetic acids (DHAAs) over that of the trihaloacetic acids (THAAs) (Cowman & Singer, 
1996; Diehl et al., 2000), although those authors suggested that DHAAs possibly resulted 
from indirect reactions with free chlorine generated from the slow hydrolysis of 
monochloramine.  
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The present study indicates that direct reactions between organic amines (e.g. L-aspartic acid) 
and monochloramine during water treatment contribute to DCAN, dichloroacetamide and 
DCAA formation. In contrast, free chlorine may be required to produce significant 
concentrations of THAAs, as there is some evidence this DBP group has distinct precursors 
and/or formation pathways to the DHAAs (Bond et al., 2012; Reckhow & Singer, 1985). 
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Figure 5.8: Proposed mechanisms for chlorination (top) and monochloramination (below) of 
L-aspartic acid, after Hureiki et al. (1994) and Yang et al. (2010)  
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5.4 Summary 
The relative effect of chlorination and chloramination on DBP formation from seven model 
amines at pH 6, 7 and 8 was examined. The novel findings from this chapter are as follows: 
 Relative to chlorination, the aggregate formation (i.e. the sum of the formation from 
all the individual precursors) of chloroform, DCAN and TCAN were reduced by 
respectively 75-87%, 66-90% and 89-93% across the three pH levels by instead using 
pre-formed chloramination. The aggregate formation of both HANs decreased 
dramatically with increasing pH when applying chlorination, but HAN formation 
from chloramination was relatively insensitive to pH change. 
 Chloroform, rather than DCAN, was the major product from the chloramination of L-
aspartic acid at pH 6 and 7, whereas the opposite was true for chlorination. This 
indicates that chloramination favours products of the aldehyde pathway over those of 
the nitrile pathway. 
 While chloropicrin formation was overall similar from the two disinfectants, the 
aggregate formation was highest from chloramination at pH 7. At pH 8 aggregate 
yields from chlorination and chloramination were the same and at pH 6 aggregate 
yields were slighter higher from chlorine. Therefore, while chloramination was 
effective at reducing concentrations of THMs and HANs, the converse was true for 
the HNMs. Therefore, practically speaking, while switching from chlorination to 
chloramination of waters in which amines are key DBP precursors would be expected 
to reduce aggregate DBP formation, the concentrations of some N-DBP groups (e.g. 
HNMs) are likely to increase.  
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CHAPTER 6 
HALONITROMETHANE STABILITY IN DRINKING WATER 
The previous chapters have reported on the occurrence and formation of N-DBPs. This 
chapter investigates the decay of one group of N-DBPs, the halonitromethanes (HNMs). The 
HNMs were chosen for focused research into decay rates and pathways because: (i) the 
England occurrence study consistently found that HNMs were only detectable at barely above 
detection limits, which was lower than might be expected based on our knowledge of HNM 
formation, (ii) HNMs were highlighted in Chapter 5 as an N-DBP group that is likely to 
increase if utilities switch from chlorination to chloramination, therefore an understanding of 
whether or how long these HNMs might persist in distribution networks of practical 
importance, and (iii) there was limited information in the literature on HNM decay under 
representative water treatment/distribution conditions, with the exception of chloropicrin, 
therefore in this study another  HNM was considered as well for comparison (DBCNM). 
6.1 Decay in the absence of disinfectant residual 
In ultrapure water at pH 6, 7 and 8, both chloropicrin and DBCNM were essentially stable 
over 24 h (Figures 6.1 and 6.2). As shown in the figures, concentrations of chloropicrin after 
24 h were 99.2±1.1, 99.4±1.4 and 103.1±0.3 µg/L at pH 6, 7 and 8, respectively (Figure 6.1). 
The equivalent concentrations for DBCNM were 106±6.0, 105±5.0 and 108±0.6 µg/L, 
respectively (Figure 6.2). This high stability is consistent with the result of Hozalski et al., 
(2008) who reported that hydrolysis of chloropicrin was not observed during experiments 
lasting two weeks (pH 7.5, 20-25 °C). Similarly, Castro and Belser (1981) reported no 
chloropicrin decay in neutral aqueous solutions of chloropicrin over 10 days.  
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The half-life of chloropicrin in the absence of disinfectant from this study at pH 6, 7 and 8 
were 11.4, 10.6, and 62 days, respectively (Table 6.1). Previously, Joo and Mitch (2007), and 
Croue and Reckhow (1989) observed faster degradation. The former authors commented that 
chloropicrin degraded with a half-life of ~3 days at pH 5 and 9 in the absence of oxidants, 
whereas the latter study reported hydrolysis constants of 10 x 10
-6
 s
-1
 at pH 6.1; 12.8 x 10
-6
 s
-1
 
at pH 7.2 and 9.5 x 10
-6
 s
-1
 at pH 6.1. These values are equivalent to half-lives of 19.3, 15.0 
and 20.3 days, respectively. For DBCNM equivalent half-life observed were 4.8, 4.8, and 
277.8 days, respectively – slightly lower half-life value than observed in chloropicrin, with 
the exception of decay at pH 8.  
6.2 Decay in the presence of free chlorine 
In the presence of free chlorine much faster degradation was observed for both HNMs than in 
ultrapure water (Figures 6.1 and 6.2). For chloropicrin concentrations remaining after 24 h in 
the presence of 0.1 mM were 80.4±16.3, 60.8±1.2 and 72.5±11.2 µg/L at pH 6, 7 and 8, 
respectively (Figure 6.1). For DBCNM equivalent values were 10.5±0.2, 10.0±4.0 and 
7.3±2.0 µg/L at pH 6, 7 and 8, respectively (Figure 6.2). These data also demonstrate that 
degradation of DBCNM in the presence of free chlorine was faster than for chloropicrin. 
Glezer et al. (1999) investigated the behaviour of another group on N-DBPs, the 
haloacetonitriles (HANs) and found their stability with respect to both hydrolysis and 
chlorination reactions decreased with a larger number of halogen substituents and increased 
upon replacing chlorine with bromine.  
On the other hand, for the haloacetic acids (HAAs), hydrolysis rate constants have been 
reported as 1.33 x 10
-5
 and 1.67 x 10
-3
 h
-1
 for trichloroacetic acid and tribromoacetic acid, 
respectively (Zhang & Minear, 2002). This showed the more brominated HNMs and HAAs 
are less stable in water than trichlorinated analogues, although tribromoacetonitrile is the 
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most stable member of the HANs, implying that their degradation pathways vary. For the 
HANs, replacing a chlorine with a bromine increases the absolute value of the steric 
constants, ES (Glezer et al., 1999). Moreover, chlorine is the more electronegative species, 
which will relatively favour nucleophilic attack on the nitrile in HANs, the presumed 
pathway for hydrolysis both in the presence and absence of chlorine-based disinfectants.  
At the same time, bromine is a better leaving group than chlorine and consequently 
bimolecular nucleophilic substitution reactions (SN
2
) where a halogen as the leaving group 
are favoured by increasing bromination (Croue & Reckhow, 1989). That DBCNM decays 
faster than chloropicrin therefore hints that there is a nucleophilic substitution step, with a 
halogen acting as the leaving group, involved in the decay of HNMs. 
First-order rate constants for degradation of chloropicrin were 0.008±0.004, 0.022±0.002 and 
0.014±0.003 h
-1
 at pH 6, 7 and 8, respectively. These rate constants correspond to half-lives 
of 85.3, 31.9 and 50.9 h, respectively (Table 6.1). For DBCNM first-order rate constants were 
0.953±0.011, 1.045±0.020 and 1.062±0.030 h
-1
 at pH 6, 7 and 8, respectively, with 
corresponding half-lives being 0.73, 0.66 and 0.65 h. To the author’s knowledge this is the 
first time rate-constants for the decay of HNMs have been reported in the presence of 
chlorine. However, Joo and Mitch (2007) did report a ~3 day (~72 h) half-life for 
chloropicrin in the presence of free chlorine at pH 9 (400 µM chlorine, 0.1 µM chloropicrin), 
whereas the compound was stable at pH 5 (1mM chlorine, 1 µM chloropicrin).  
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The stability of both HNMs was highest at acidic pH (Tables 6.1 and 6.2), while rate 
constants for their decay were rather similar at pH 7 and 8 for DBCNM. Since the proportion 
of  hypochlorite ion (
-
OCl) relative to that of hypochlorous acid (HOCl) increases with pH 
(pKa = 7.55 at 25 °C), this indicates that the former species plays an important role in HNM 
decay, as has previously been suggested for the degradation of cyanogen chloride (CNCl) in 
the presence of free chlorine (Na & Olson, 2004).  
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Figure 6.1 - Chloropicrin decay in no disinfectant (top), chlorine (middle), and 
monochloramine (below). 
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Figure 6.2 – DBCNM decay in no disinfectant (top), chlorine (middle), and monochloramine 
(below)
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Table 6.1 - First order rate constant and half-life of chloropicrin 
Disinfectant pH k (10
-6
 s
-1
) Half-Life (h) 
None 6 0.703 274.0 
None 7 0.758 254.0 
None 8 0.129 1487.2 
Free chlorine 6 2.256 85.3 
Free chlorine 7 6.032 31.9 
Free chlorine 8 3.785 50.9 
Monochloramine 6 2.943 65.4 
Monochloramine 7 2.949 65.3 
Monochloramine 8 2.106 91.4 
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Table 6.2 - First order rate constant and half-life of DBCNM 
Disinfectant pH k (10
-6
 s
-1
) Half-Life (h) 
None 6 1.667 115.5 
None 7 1.667 115.5 
None 8 0.029 6666.9 
Free chlorine 6 264.611 0.73 
Free chlorine 7 290.389 0.66 
Free chlorine 8 294.944 0.65 
Monochloramine 6 20.444 9.4 
Monochloramine 7 17.778 10.8 
Monochloramine 8 83.972 2.3 
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6.3 Decay in the presence of monochloramine 
In the presence of monochloramine, degradation of chloropicrin was slower than with free 
chlorine (Figures 6.1 and 6.2). This is demonstrated by chloropicrin concentrations of 
76.1±4.4, 78.2±0.6 and 84.9±0.6 µg/L at pH 6, 7 and 8, respectively after 24 h contact with 
0.1 mM monochloramine (Figure 6.1). For DBCNM equivalent concentrations were 8.0±0.8, 
9.5±0.1 and 14.2±0.4 µg/L, respectively (Figure 6.2). Once again, these data illustrate the 
faster degradation of DBCNM. The faster degradation in the presence of chlorine is explained 
by chlorine being the stronger oxidant, the relevant standard half-cell potentials (E°red) being 
1.64, 1.48 and 1.40 V for 
-
OCl, HOCl and NH2Cl, respectively  (AWWA, 1999). 
The first-order rate constants for degradation of chloropicrin in monochloramine were 
0.011±0.004, 0.011±0.002 and 0.008±0.001 h
-1
 at pH 6, 7 and 8, respectively. These values 
correspond to half-lives of 65.4, 65.3 and  91.4 h, respectively (Table 6.1). For DBCNM first-
order rate constants were 0.074±0.042, 0.064±0.042 and 0.302±0.105 h
-1
 at pH 6, 7 and 8, 
respectively, with corresponding half-lives being 9.4, 10.8 and 2.3 h, respectively.  
These data also illustrate that the speed of degradation in the presence of monochloramine 
decreased slightly with increasing pH for both HNMs under the conditions of the study. This 
indicates that acid-catalysis increases degradation in the presence of monochloramine, 
whereas for chlorine base-catalysis is more crucial (Figures 6.1 and 6.2). Such a situation 
parallels the pH effects observed from DBP formation following chlorination and 
chloramination of drinking water (Diehl et al., 2000).  
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6.4 Proposed HNM decay pathways in drinking water 
This study has demonstrated how chloropicrin and DBCNM are both stable over 24 h in 
ultrapure water at pH 6-8, while decay of chloropicrin occurred with half-lives of 51-85 h in 
the presence of 0.1 mM chlorine and at 65-91 h in the presence of 0.1 mM monochloramine. 
For DBCNM equivalent half-lives were 0.6-0.7 h and 2-11 h, respectively. HNM decay 
tended to increase with pH in the presence of chlorine, with the converse relationship 
observed in the presence of monochloramine.  The most likely pathway is nucleophilic attack 
of hydroxide to produce nitrite and the corresponding halogenated methanol (Figure 6.3). 
Halogenated methanols comprise a highly unstable group, believed to spontaneously 
dehydrohalogenate to yield a halogenated carbonyl in both oxygen and water (Pohl et al., 
1977)(Figure 6.3).  This pathway correlates with end-products detected by Castro & Belser 
(1981) during an investigation into the photohydrolysis of chloropicrin. After UV irradiation, 
a 10
-3
 M solution of chloropicrin was dissipated within hours, detected products being carbon 
dioxide, chloride ion, nitrate ion, and protons in the following stoichiometry (Castro & 
Belser, 1981)  
Cl3CNO2 (aq)       hv/H2O        3Cl
-
 + CO2 + NO3
-
 + 4H
+
   
However, a decay pathway was not proposed by these authors, even though nitrite was 
detected in small amounts when the reaction is conducted under argon. Nonetheless, the 
above combination of products is consistent with Figure 6.3, assuming nitrite was oxidised to 
nitrate under the experimental conditions used. Furthermore, Castro & Belser (1981) noted 
that chloride was not produced at the same rate as that of chloropicrin disappearance. Thus, 
chlorinated intermediates were presumed to be produced as part of this process, while nitrite 
was slowly converted to nitrate under the conditions of the study. Investigations in the gas-
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phase Ashmore & Norrish (1950 )established that chloropicrin can be photolytically 
decomposed to phosgene (COCl2) and nitrosyl chloride (NOCl), i.e.: 
Cl3CNO2 (g)     hv       Cl2CO + NOCl   
However, in water NOCl was eliminated as the source of nitrate (Castro & Belser, 1981), 
which indicates another pathway, such as oxidation of nitrite, was operational.  
In the presence of chlorine and monochloramine equivalent reactions are proposed, with 
decay rates being faster because both species can catalyse the hydrolysis step. In the presence 
of chlorine decay rates generally increased with pH, which indicates hypochlorite (
-
OCl) is 
the reactive species, as has been suggested for chlorine-catalysed hydrolysis of cyanogen 
chloride (Na & Olson, 2004). Conversely, in the presence of monochloramine decay rate 
were faster at acidic pH, which indicates acid-catalysed hydrolysis is more important.  
6.5 Summary 
The two studied HNMs, chloropicrin and DBCNM, are stable in water without a disinfectant 
residual but decay when in the presence of chlorine and monochloramine. Faster decay 
occurs in the presence of chlorine than chloramines, and DBCNM decays faster than 
chloropicrin. The instability of these HNMs may offer a partial explanation for the low HNM 
concentrations measured in distributed waters in the England occurrence survey, though it 
was not possible to clearly discern consistent downward trends in HNM concentrations with 
distribution water age from the occurrence data because the HNM concentrations were 
usually only at or just above the limit of detection in most samples. The half-lives suggest 
that most DBCNM will have decayed after only one day, even in the presence of the weaker 
of the two oxidants, chloramines, while for chloropicrin the same would be true over four 
days in chloraminated waters.  
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This was the first study to report the decay rates of chloropicrin in the presence of 
disinfectants over the pH range examined, and the first for DBCNM at any pH. Decay 
pathways have been proposed which explain the relationships between disinfectant type, pH 
and HNM decay rates, though further experimental confirmation of the mechanisms is 
required.  
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Figure 6.3 – Proposed pathway for HNM decay in the presence of aqueous chlorine. 
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CHAPTER 7 
DISCUSSION  
This study was carried out to acquire an improved understanding of N-DBP occurrence and 
formation in disinfected drinking water in England, and to thereby generate knowledge of 
broader global significance as well. A considerably large number of studies have been carried 
out on the currently regulated DBPs (e.g. THMs, HAAs and NDMA), whereas less study are 
available in understanding the occurrence and formation of the other N-DBPs considered in 
this study. The drinking water N-DBP survey carried out in this study suggested that HANs, 
HAcAms and HNMs in England drinking water occur at broadly similar concentrations as 
have been reported in other countries and below the current WHO guidelines for DCAN (20 
µg/l) and DBAN (70 µg/l).  
In general, higher N-DBP occurred in supply systems that applied pre-ozonation followed by 
chlorination; this was especially the case for HANs and HAcAms specifically. This result is 
in agreement with some studies that suggested pre-ozonation can increase N-DBP formations 
in disinfected drinking water (Hoigne & Bader, 1988; Pedersen III et al., 1999).  However, 
HANs and HAcAms were expected to be reduced where pre-ozonation was applied (Yang et 
al., 2012), while in this study the opposite was true. The most plausible explanation would be 
the supply systems that applied pre-ozonation followed by chlorination/chloramination in this 
survey have been treating source water with high organic content that acted as N-DBP 
precursors (i.e. that was a reason for applying pre-ozonation in the first place – i.e. to reduce 
THM formation).  
In this study, supply system applying chlorine formed slightly more HANs and HAcAms than 
those applying chloramines. HAcAms were known to be a product from hydrolysis of HANs 
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which suggested that higher HAcAms are expected to be found in disinfected water 
containing higher level of HANs (Reckhow et al., 2001). THM4 did not display concrete 
correlations to other N-DBPs, confirming that THM4 might not be the best parameter to 
predict N-DBP occurrence in disinfected water and that THMs and N-DBPs do not share 
common precursors. 
A few previous DBP survey have highlighted seasonal effects on DBP formation (Goslan et 
al., 2009; Krasner et al., 2006; Nissinen et al, 2002; Rodriguez et al., 2007; Williams et al., 
1997) Hence, in the current survey, sampling works were carried out in quarters as to 
evaluate any seasonal effects on the N-DBP formations. However, there were no obvious 
seasonal trends for the current survey (Figures A1 – A4 of the Appendix). The current survey 
also considered the effects of water age in distribution networks on the concentration (Figure 
A5 – A15), however no consistent trends were observable, other than that most of the time, 
on a median basis, N-DBP concentrations in the distributed waters were found to be slightly 
higher than the final waters from the treatment works for a given supply system. In other 
words, there was certainly no clear indication of any consistent degradation of N-DBPs in 
distribution discernible from the occurrence study data. 
Consequently, the model compound as precursor study was carried out to further explain the 
role of organic content in source water treated with chlorination and chloramination in DBP 
formation and to understand the significance of several likely precursor amines. The reason 
for higher levels of chlorine and monochloramine and precursor concentrations applied here 
compared to what supply systems would experience in reality were to maximise the DBP 
formation potential in the laboratory work. Also, these experiments were conducted using 
pure water rather than real waters, to eliminate the potential confounding effects of other 
water quality parameters that might simultaneously react during the disinfection. 
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 In chlorination, L-aspartic acid and 3-aminophenol were the two most reactive precursors 
and the DBPs formed at the highest concentrations were chloroform, DCAN and TCAN.  As 
the pH increased to 8, less DCAN and TCAN yield were observed, concurrent with the 
condition of increased hydrolysis of HANs under alkaline condition (Glezer et al., 1999). 
Also, chloropicrin formation was enhanced at acidic pH for both precursors, however even 
the maximum yield of chloropicrin formed was low compared to the formation of the other 
N-DBPs – only at 7 x 10-4 µg/L.  
While in acidic condition L-aspartic acid was the most reactive, at neutral condition 3-
aminophenol was the most reactive precursor. 3-aminophenol at neutral condition generated 
the highest aggregate yield of DBP out of all pH condition and disinfectant, exceeding 23% 
mol/mol and 18.08% of this was chloroform. This greater reactivity of 3-aminophenol might 
be explained by the meta-configuration of its hydroxyl and amino substituent. It resembles 
those of the potent THM precursor resorcinol (Rook, 1977; Gallard & Gunten, 2002).  
Chloramination also showed a similar overall pattern of DBP formation. In the England 
survey, most of the time chloramination produced relatively lower DBP concentration 
compared to chlorination. This part of work is in agreement with the survey findings – much 
lower aggregate DBP formation were observed in chloramination works. It was most striking 
in chloroform, DCAN and TCAN formation. Aggregate chloroform formation was reduced 
by 75-87%, from using monochloramine rather than chlorine at the three pH values 
considered, while DCAN aggregate yields were reduced by 66 – 90% through the use of 
monochloramine at the three pH values.  
Comparing the findings from the survey and aggregate DBP formation from the model 
compound experiments, there was a noticeable trend of pH impact on the formation of 
DCAN and TCAN in chlorination - aggregate formation of both DCAN and TCAN from 
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chlorination was dramatically reduced as the pH increased, whereas for chloramination there 
were no consistent pH trends. However, from the occurrence survey, the Pearson correlation 
coefficient showed that a pH effect in HAN formation was rather insignificant. In fact, pH 
effects on HAN formation were more noticeable in chloramination compared to in 
chlorination, (0.34 and 0.08, respectively). This might be explained that there are too many 
other parameters that might have affected the correlation coefficient in real water, whereas 
the model compound experiments were carried out under controlled conditions (i.e. in pure 
water). 
The HNM decay experiments were carried out to determine the degradation rate of these 
compounds and attempt to explain their low observed occurrence in drinking waters in 
England. Also, HNMs were selected for focused study because they are reported to be more 
geno- and cytotoxic than the currently regulated DBPs – with their brominated anologues 
were more cytotoxic than their chlorinated analogues (Plewa et al., 2004). Chloropicrin was 
the most frequently found HNM compound in disinfected water while DBCNM was one of 
the highest genotoxic and cytotoxic among the trihalonitromethanes. Chloropicrin was 
observed to be more stable than DBCNM, though both HNMs decay rapidly in the presence 
of chlorine and, to a less rapid extent, when exposed to chloramines. The decay half-lives 
suggest that DBCNM are unlikely to persist in disinfected water distribution systems with 
water ages longer than 12-15 hours, whereas chloropicrin may persist for more than several 
days in disinfected water supplies.  
Overall, this study was the first to report the occurrence of HANs, HAcAMs, and HNMs in 
drinking waters in England (and one of few globally), was the first to show the importance of 
amines as precursors of these N-DBP groups, and the first to quantify the decay kinetics of 
HNMs in representative water distribution conditions. The findings suggest that N-DBPs 
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occur commonly in drinking waters in England, but not at levels that exceed current WHO 
guidelines, which is good news for water companies in England. There is insufficient 
toxicology information available for most N-DBPs, therefore the potential public health 
importance of their increased formation in some water type and disinfectant combinations 
cannot be fully assessed. If such toxicology information becomes available in future then a 
more detailed health risk assessment could be conducted for those compounds.  However, for 
those N-DBPs for which there is toxicology information available and WHO guidelines (e.g. 
DCAN,. DBAN), the concentrations formed as a result of switching disinfectant (e.g. from 
chlorine to chloramines) should have minimal effects on human health, and the simultaneous 
reductions in C-DBPs achieved by switching to free chlorine alternatives can only be 
beneficial. It should also be remembered that the way the analysis was carried out in the N-
DBP survey reported in Chapter 4 of this thesis (i.e. omitting values below the detection limit 
from the mean and median concentrations calculations) has over-estimated the actual typical 
N-DBP concentrations and should therefore be considered as conservative estimates. .  
The currently regulated and monitored DBPs, e.g. trihalomethanes, are not suitable surrogates 
for N-DBP concentrations. This was confirmed by the amine precursor study, which 
demonstrated that chloroform has different precursors than HANs, for example. Therefore, 
improved removal of THM precursors prior to disinfection will often, but not necessarily 
always, simultaneously reduce HANs and other N-DBPs. 
Furthermore, another commonly applied strategy to reduce THM formation, involving 
switching the residual disinfectant in the distribution system from chlorination to 
chloramination, was shown to reduce aggregate DBP formation, however it also led to an 
increase in HNM formation and reduced decay rates for some HNMs (i.e. chloropicrin). 
Therefore, any water company considering switching from chlorination to chloramination 
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should conduct chloropicrin formation potential tests to consider the likely increased 
concentrations of this DBP as a trade off against the reduced formation of other DBPs.   
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CHAPTER 8  
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
RESEARCH 
The conclusions of this study, representing important new contributions to knowledge, are: 
 HANs, HAcAMs and HNMs occur at broadly similar concentrations in drinking 
waters in England as in other countries/regions (e.g. US, Scotland) and safely below 
the existing WHO guidelines for DCAN and DBAN. That said, water companies in 
England are required to constantly strive to ‘minimise disinfection by-products’ (Reg. 
26, Water Supply Regulations 2010) (Welsh Statutory Instrument, 2010), i.e. the 
implication being that non-regulated DBPs should also be minimised, therefore the 
information derived from this thesis is still important to help guide overall DBP 
minimisation strategies.  
 THM4 are not correlated to N-DBP groups, while HAA9 are better predictors. This 
suggests that the type of DBP data currently collected on a routine basis by water 
companies in England (i.e. THMs, sometimes HAAs) is unlikely to be informative 
regarding likely N-DBP occurrence.  
 This was the first study to report and compare bromine substitution into N-DBP 
groups. Relative to chloramination, chlorination BSFs for N-DBPs were always found 
to be higher in the water samples in the occurrence study. The degree of bromine 
substitution in HANs and HAcAms was similar, suggesting potential correlations 
between these groups (e.g. HAcAms are known hydrolysis intermediates of HANs). 
Relative to chlorination, the aggregate formation (i.e. the sum of the formation from 
all the individual precursors) of chloroform, DCAN and TCAN is significantly 
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reduced (> 75%) by instead applying pre-formed chloramines. The HANs decreased 
dramatically with increasing pH when applying chlorination, likely due to hydrolysis 
under alkaline conditions, but HAN formation from chloramination was relatively 
insensitive to pH change. 
 L-aspartic acid and 3-aminophenol were the highest yielding N-DBP precursors of 
those studied in this research. Of particular interest, chloroform, rather than DCAN, 
was the major product from the chloramination of L-aspartic acid at pH 6 and 7, 
whereas the opposite was true for chlorination; this indicates that chloramination 
favours products of the aldehyde pathway over those of the nitrile pathway. 
 While chloramination was effective at reducing concentrations of THMs and HANs in 
the precursor study, the converse was true for the HNMs. This indicates that HNMs 
likely have completely different precursors from the other DBPs studied. 
 The two studied HNMs, chloropicrin and DBCNM, are stable in water without a 
disinfectant residual but decay when in the presence of chlorine and monochloramine. 
Faster decay occurs in the presence of chlorine than chloramines, and DBCNM 
decays faster than chloropicrin. The instability of these HNMs may offer a partial 
explanation for the low HNM concentrations measured in distributed waters in the 
England occurrence study, though consistent downward trends in HNM 
concentrations with distribution water age were not clearly discernible from the 
occurrence data because of the low concentrations of the HNMs present (at or just 
above the limits of detection).  Most DBCNM will have decayed after only one day in 
distribution, even in the presence of the weaker of the two oxidants, chloramines, 
while for chloropicrin the same would be true over four days in chloraminated waters. 
This was the first study to report the decay rates of chloropicrin in the presence of 
disinfectants over the pH range examined, and the first for DBCNM at any pH.  
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 Further research into N-DBP occurrence, formation and decay should include: 
 The ozonated supply systems in this study formed higher HAN and HAcAm 
concentrations, though this may have been partially confounded by these systems 
treating source waters with higher DBP formation potential generally. For example, in at 
least one of the ozonated systems there was also elevated bromide present. This 
confounding factor was a limitation of the study (which was limited practically to 20 
supply systems for sampling by time and cost constraints of the survey), but further 
examination of other ozonated supply systems should be conducted as a priority to 
examine this potential correlation further.  
 Also, the occurrence study considered only one supply system applying UV disinfection, 
and that was a low-pressure (monochromatic) UV reactor treating a groundwater which 
had none of the expected N-DBP risk factors. Previous studies have suggested that 
medium-pressure (polychromatic) UV disinfection treating waters containing organic 
matter and total nitrogen can lead to increased formation of certain N-DBPs (e.g. 
chloropicrin). Given the increasing popularity of UV as a means of primary disinfection 
in the water industry in England, further sampling of systems applying UV and analysis 
for resulting N-DBPs is recommended.   
 A study into HAcAm precursors, similar to the study presented in Chapter 5, would be 
useful to better understand HAcAm formation pathways and the degree to which these 
contribute to HAcAm concentrations compared to HAcAms formed by hydrolysis of 
HANs. If the latter is more dominant, then removal of the common HAN/HAcAm 
organic precursors prior to disinfection (e.g. by enhanced coagulation or other organic 
removal technologies/processes) would minimise the levels of both groups, but otherwise 
not necessarily.  
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 Examining decay of other HNMs besides the two studied here and confirmation of the 
proposed decay pathways is recommended, such as through measurement of reaction 
intermediates and nitrite.  
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APPENDICES 
The tables and figures in this appendix are adapted from Templeton et al. (2012), of which 
the thesis author was a co-author, and were created by the thesis author.   
Table A1: List of suppliers for DBP standards. 
 
Compound Supplier 
HANs 
Bromoacetonitrile  Sigma Aldrich, UK 
Chloroacetonitrile Sigma Aldrich, UK 
Dibromochloroacetonitrile CanSyn Chem, Canada 
HAcAms 
2-Bromoacetamide Sigma Aldrich, UK 
2-Chloroacetamide  Sigma Aldrich, UK 
Dichloracetamide  Sigma Aldrich, UK 
Dibromoacetamide CanSyn Chem, Canada 
Trichloracetamide Sigma Aldrich, UK 
HNMs 
Bromochloronitromethane CanSyn Chem, Canada 
Bromodichloronitromethane CanSyn Chem, Canada 
Chloronitromethane CanSyn Chem, Canada 
Dibromochloronitromethane CanSyn Chem, Canada 
Dibromonitromethane CanSyn Chem, Canada 
Dichloronitromethane CanSyn Chem, Canada 
Bromonitromethane Sigma Aldrich, UK 
  EPA 551B Halogenated Volatiles mix Sigma Aldrich, UK 
  Flurobenzene Sigma Aldrich, UK 
  
Semi-volatiles internal standard mix solution, 
46955-U 
Sigma Aldrich, UK 
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Table A.2: The limit of detection (LOD) for each N-DBP, the number of samples for which 
each N-DBP was detected above its LOD, the total number of disinfected samples analysed 
for each N-DBP (i.e. excluding the raw water / pre-disinfection samples), and the overall 
mean concentrations in µg/l.  
 
  
N-DBP LOD (µg/l)
Number of 
Samples Above 
LOD
Total Number of 
Disinfected Samples 
Analysed
Mean 
Concentration 
(µg/l)
BAN 0.2 22 624 0.5
DCAN 0.2 497 624 1.1
BCAN 0.1 533 624 1.0
DBAN 0.1 510 624 1.4
DBCAN 0.1 46 624 0.2
CAN 0.5 2 600 0.8
TCAN 0.5 0 600 not detected
CNM 0.2 70 624 1.0
BNM 0.1 129 624 0.2
DCNM 0.1 30 624 0.2
BCNM 0.2 7 624 0.2
DBNM 0.1 56 624 0.1
TCNM 0.1 149 624 0.2
BDCNM 1.0 0 624 not detected
DBCNM 1.0 2 624 1.3
2,2-DCAcAm 0.2 401 624 0.8
2,2-DBAcAm 0.1 426 624 1.0
2,2,2-TCAcAm 0.3 426 624 1.0
CNCl 2.0 148 600 5.8
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How To Make Phosphate Buffer (http://openwetware.org/wiki/Phosphate_buffer)  
Accessed on 3/12/14. Source: Sörensen; in Hayat, 1986.  
0.2 M monobasic stock 
15.6 g sodium phosphate monobasic dihydrate (NaH2PO4·2H2O, MW 155.99 g/mol), or 13.9 
g of the anhydrous form 500 mL dH2O  
0.2 M dibasic stock 
53.65 g sodium phosphate dibasic heptahydrate (Na2HPO4·7H2O, MW 268.07 g/mol), or 28.4 
g of the anhydrous form 1 L dH2O  
0.1 M sodium phosphate buffer 
To make 600mL 0.1 M sodium phosphate buffer, combine the following quantities of each 
stock and add dH2O to bring up to 600 mL:  
 
Table A 3: Monobasic and dibasic stock addition to make 0.1 M sodium phosphate buffer 
solution. 
monobasic 
(mL) 
dibasic 
(mL) 
pH 
270 30 5.9 
263.1 36.9 6.0 
255 45 6.1 
244.5 55.5 6.2 
232.5 67.5 6.3 
220.5 79.5 6.4 
205.5 94.5 6.5 
187.5 112.5 6.6 
169.5 130.5 6.7 
153 147 6.8 
135 165 6.9 
117 183 7.0 
99 201 7.1 
84 216 7.2 
69 231 7.3 
57 243 7.4 
48 252 7.5 
39 261 7.6 
31.5 271.5 7.7 
25.5 274.5 7.8 
21 279 7.9 
15.9 284.1 8.0 
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Table A.4: List of model compounds supplied by Sigma-Aldrich Co., UK 
 
Name Structure Molecular 
weight 
(g/mol) 
Catalogue or Item 
number 
β-Alanine (3-
Aminopropanoic acid)  
89.05 146064 
L-Aspartic acid
a
 
 
133.1 A9256 
L-Methionine 
 
149.2 M9625 
L-Cysteine 
 
121.16 168149 
Ala-Ala 
(L-Alanyl-L-alanine) 
 
 
386.49 A9502 
3-Aminophenol
a
 
(3-Hydroxyaniline or 
m-aminophenol) 
 
109.13 100242 
2-Aminophenol (o-
aminophenol) 
 
109.13 A71301 
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Figure A.1: The ranges of the sum of the concentrations for the haloacetonitriles (HANs) 
measured in this survey. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, Cl2 = 
chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination, R1 = sampling round 1, R2 
= round 2, R3 = round 3, R4 = round 4. The numbers in brackets represent the number of 
disinfected sampling locations (i.e. treatment works final water and distribution network) for 
which the concentration of at least one HAN was detected above the detection limit and 
therefore for which the sampling data was included in the data set and plotted here. The 
percentages in brackets represent the percentage of the sampling locations of that source 
water and treatment type for which at least one HAN was detected above the detection limit 
out of the total potential number of such locations. The stars are the mean values, the lines 
within the boxes are the median values, the tops of the boxes are the 75
th
 percentile values, 
the bottoms of the boxes are the 25
th
 percentile values, and the whiskers extend to the 
maximum and minimum values. Samples for which no concentration was measured above 
the detection limit were excluded from the data sets.  
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Figure A2:  The ranges of the sum of the concentrations for the haloacetamides (HAcAms) 
measured in this survey. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, Cl2 = 
chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination, R1 = sampling round 1, R2 
= round 2, R3 = round 3, R4 = round 4. The numbers in brackets represent the number of 
disinfected sampling locations (i.e. treatment works final water and distribution network) for 
which the concentration of at least one HAcAm was detected above the detection limit and 
therefore for which the sampling data was included in the data set and plotted here. The 
percentages in brackets represent the percentage of the sampling locations of that source 
water and treatment type for which at least one HAcAm was detected above the detection 
limit out of the total potential number of such locations. The stars are the mean values, the 
lines within the boxes are the median values, the tops of the boxes are the 75
th
 percentile 
values, the bottoms of the boxes are the 25
th
 percentile values, and the whiskers extend to the 
maximum and minimum values. Samples for which no concentration was measured above 
the detection limit were excluded from the data sets.   
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Figure A3: The ranges of the sum of the concentrations for the halonitromethanes (HNMs) 
measured in this survey. LL = lowland, UL = upland, GW = groundwater, O3 = ozone, Cl2 = 
chlorine, UV = ultraviolet disinfection, NH2Cl = chloramination, R1 = sampling round 1, R2 
= round 2, R3 = round 3, R4 = round 4. The numbers in brackets represent the number of 
disinfected sampling locations (i.e. treatment works final water and distribution network) for 
which the concentration of at least one HNM was detected above the detection limit and 
therefore for which the sampling data was included in the data set and plotted here. The 
percentages in brackets represent the percentage of the sampling locations of that source 
water and treatment type for which at least one HNM was detected above the detection limit 
out of the total potential number of such locations. The stars are the mean values, the lines 
within the boxes are the median values, the tops of the boxes are the 75
th
 percentile values, 
the bottoms of the boxes are the 25
th
 percentile values, and the whiskers extend to the 
maximum and minimum values. Samples for which no concentration was measured above 
the detection limit were excluded from the data sets.    
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Figure A4: The ranges of concentrations of cyanogen chloride. LL = lowland, UL = upland, 
GW = groundwater, O3 = ozone, Cl2 = chlorine, UV = ultraviolet disinfection, NH2Cl = 
chloramination, R1 = sampling round 1, R2 = round 2, R3 = round 3, R4 = round 4. The 
numbers in brackets represent the number of disinfected sampling locations (i.e. treatment 
works final water and distribution network) for which the concentration of at least one HNM 
was above the detection limit and therefore for which the sampling data was included in the 
data set and plotted here. The percentages in brackets represent the percentage of the 
sampling locations of that source water and treatment type for which at least one HNM was 
detected above the detection limit out of the total potential number of such locations. The 
stars are the mean values, the lines within the boxes are the median values, the tops of the 
boxes are the 75
th
 percentile values, the bottoms of the boxes are the 25
th
 percentile values, 
and the whiskers extend to the maximum and minimum values. Samples for which no 
concentration was measured above the detection limit were excluded from the data sets. 
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Figure A5: A comparison of the sum of the concentrations of the haloacetonitriles (HANs) 
measured in this survey in the final water treatment works (WTW) samples and distribution 
location samples in the four rounds for water supply system D. 
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Figure A6: A comparison of the sum of the concentrations of the haloacetamides (HAcAms) 
measured in this survey in the final water treatment works (WTW) samples and distribution 
location samples in the four rounds for water supply system D. 
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Figure A7: A comparison of the sum of the concentrations of the haloacetonitriles (HANs) 
measured in this survey in the final water treatment works (WTW) samples and distribution 
location samples in the four rounds for water supply system T. 
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Figure A8: A comparison of the sum of the concentrations of the haloacetamides (HAcAms) 
measured in this survey in the final water treatment works (WTW) samples and distribution 
location samples in the four rounds for water supply system T. 
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Figure A9: A comparison of the sum of the concentrations of the haloacetonitriles (HANs) 
measured in this survey in the final water treatment works (WTW) samples and distribution 
location samples in the four rounds for water supply system B. 
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Figure A10: A comparison of the sum of the concentrations of the haloacetamides (HAcAms) 
measured in this survey in the final water treatment works (WTW) samples and distribution 
location samples in the four rounds for water supply system B. 
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Figure A11: A comparison of the cyanogen chloride concentrations in the final water 
treatment works (WTW) samples and distribution location samples in the four rounds for 
water supply system B. 
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Figure A12:  A comparison of the sum of the concentrations of the haloacetonitriles 
(HANs) measured in this survey in the final water treatment works (WTW) samples and 
distribution location samples in the four rounds for water supply system A. 
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Figure A13: A comparison of the sum of the concentrations of the haloacetamides 
(HAcAms) measured in this survey in the final water treatment works (WTW) samples and 
distribution location samples in the four rounds for water supply system A. 
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Figure A14: A comparison of the sum of the concentrations of the haloacetonitriles (HANs) 
measured in this survey in the final water treatment works (WTW) samples and distribution 
location samples in the four rounds for water supply system C. 
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Figure A15: A comparison of the sum of the concentrations of the haloacetamides 
(HAcAms) measured in this survey in the final water treatment works (WTW) samples and 
distribution location samples in the four rounds for water supply system C. 
 
 
 
